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COMPOSITIONS AND METHODS FOR IDENTIFYING AGENTS WHICH 
MODULATE PTEN FUNCTION AND PI-3 KINASE PATHWAYS 

By Donald L. Durden 

5 

Pursuant to 35 U.S.C. §202(0), it is hereby 
acknowledged that the U.S. Government has certain rights 
in the invention described herein, which was made in part 
10 with funds from the National Institutes of Health, Grant 

Nos: R01CA75637. 



FIELD OF THE INVENTION 

15 This invention relates to the treatment of 

neoplastic disease and other pathological conditions 
characterized by cellular .hyperprolif eration and loss of 
regulated growth and motility. More specifically, this 
invention provides methods for the identification and 

20 characterization of agents which modulate PTEN, PI-3 

kinase and AKT activity. 

BACKGROUND OF THE INVENTION 

Various scientific and scholarly articles are cited 
25 throughout the specification. These articles are 

incorporated by reference herein to describe the state of 
the art to which this invention pertains. 

The reversible phosphorylation of proteins and 
lipids is critical to the control of signal transduction 
30 in mammalian cells and is regulated by kinases and 

phosphatases (Hunter 1995) . The product of the tumor 
suppressor gene PTEN/MMAC (hereafter termed PTEN) was 
identified as a dual specificity phosphatase and has been 
shown to dephosphorylate inositol phospholipids in vivo 
35 (Li et al Science 1997, Steck et al 1997, Li et al Cancer 



Res 1997, Myers et al, 1997, Myers et al 1998, Maehama et 
al, 1998, Stambolic et al 1998, Wu et al 1998) . The PTEN 
gene, which is located on the short arm of chromosome 10 
(10q23), is mutated in 40-50% of high grade gliomas as 
well as many other tumor types, including those of the 
prostate, endometrium, breast, and lung (Li et al, Science 
1997, Steck et al 1997, Maier et al 1998). In addition, 
PTEN is mutated in several rare autosomal dominant cancer 
predisposition syndromes, including Cowden disease, 
Lhermitte-Duclos disease and Bannayan-Zonana syndrome 
(Liaw et al 1997, Myers et al AJHG 1997, Maehama et al TCB 
1999, Cantley and Neel 1999). Furthermore, the phenotype 
of PTEN-knockout mice revealed a requirement for this 
phosphatase in normal development and confirmed its role 
as a tumor suppressor (Podsypanina et al PNAS 1999, Suzuki 
et al Curr Biol 1998, Di Christofano et al Nat Gen 1998) . 

PTEN is a 55 kDa protein comprising an N-terminal 
catalytic domain, identified as a segment with homology to 
the cytoskeletal protein tensin and containing the 
sequence HC(X) 5 R, which is the signature motif of members 
of the protein tyrosine phosphatase family, and a C- 
terminal C2 domain with lipid-binding and membrane- 
targeting functions (Lee et al Cell 1999) . The sequence 
at the extreme C- terminus of PTEN is similar to sequences 
known to have binding affinity for PDZ domain-containing 
proteins. PTEN is a dual specificity phosphatase that 
displays a pronounced preference for acidic substrates 
(Myers et al PNAS 1997). Importantly, PTEN possesses 
lipid phosphatase activity, preferentially 
dephosphorylating phosphoinositides at the D3 position of 
the inositol ring. It is one of two enzymes known to 
dephosphorylate the D3 position in inositol phospholipids. 



Since solid tumor progression is dependent on the 
induction of angiogenic signals and augmented angiogenesis 
contributes to the high mortality associated with many 
cancers, there is a need to elucidate the cellular 
components that participate in these processes. The 
urgency of such investigations is underscored by the fatal 
nature of highly malignant brain tumors and the fact that 
the degree of tumor invasiveness is dXrectTly "correlated - 
with enhanced angiogenesis. Furthermore, elucidation of 
cellular components that contribute to the angiogenic 
switch facilitates the identification of therapeutic 
agents and delivery methods useful for the treatment of 
such malignant diseases. 

PTEN phosphatase activity has also been implicated in 
many cellular biochemical reactions. It is an object of 
the invention to also provide methods for the 
identification of agents which impact PTEN modulation of 
immunoreceptors, AKT, PI3 kinase and p53 signaling and 
stem cell renewal. Methods of use of agents so identified 
are also within the scope of the invention. 

SUMMARY OF THE INVENTION 

PTEN is a pivotal signaling molecule which modulates 
a wide variety of cellular processes. These cellular 
processes include angiogenesis, cellular migration, 
immunoreceptor modulation, p53 signaling and apoptotic 
cell death, PI3 and AKT signaling. Mutations in PTEN have 
been associated with the highly malignant progression of 
brain tumors. A hallmark of this malignant progression is 
a dramatic increase in angiogenesis and invasiveness 
mediated by the concomitant formation of new blood 
vessels . 
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Thus, in accordance with the present invention 
methods for the treatment of cancer associated with PTEN 
mutation are provided. Exemplary methods include delivery 
of a native PTEN encoding nucleic acid to cancer cells 
5 such that the native PTEN protein is expressed. 

Additional methods for the treatment of cancer in 
accordance with the present invention entail the 
administration of at least one agent" selected from" the' 
group consisting of PTEN agonists, PI 3 kinase inhibitors 

10 and AKT inhibitors. The aforementioned treatment 

protocols may also comprise the administration of 
conventional chemo therapeutic agents . 

In another aspect of the invention, methods for the 
prevention of aberrant angiogenesis are also provided. 

15 Aberrant angiogenesis is associated with several diseases. 

These include not only cancer, but autoimmune disease, 
arthritis, systemic lupus erthymatosis , inflammatory bowel 
disease, coronary artery disease, cerebrovascular disease, 
and atheroschlerosis . Methods for the administration of 

20 at least one agent selected from the group consisting of 

native PTEN encoding nucleic acids, PTEN agonists, PI3 
kinsase inhibitors and AKT inhibitors for the inhibition 
or prevention of aberrant angiogenesis are also disclosed 
herein. 

2 5 PTEN has also been implicated in immunoreceptor 

modulation. Thus, in yet another aspect of the invention, 
methods for inhibiting the immune response in target cells 
are provided. PTEN agonists, PI3 kinase inhibitors and/or 
AKT inhibitors are administered to patients to prevent or 

30 inhibit immunoreceptor signaling. Such agents should have 

efficacy in the treatment of graft rejection or graft 
versus host disease. 

In yet another aspect of the invention, methods for 



the generation of pluripotent immortalized stem cells are 
provided. An exemplary method entails the sequential 
administration of PTEN inhibitors to induce cell division 
in the absence of cell differentiation. Such expanded 
pluripotent cell populations may either be directly 
reinfused back into the patient or may be genetically 
engineered to express a foreign protein of interest prior 
to reinfusion back into the recipient. 

In yet another aspect of the invention, methods for 
regulating p53 mediated gene expression are also provided. 
Such methods entail the administration of native PTEN, 
PTEN agonists and/or PI3 kinase inhibitors or AKT 
inhibitors to induce functional p53 in tumor cells. Such 
agents effectively increase chemosensitity and/or 
radiosensitivity of tumor cells by stimulating p53 
mediated apoptotic cell death. 

Given the widespread effects of PTEN, methods for 
identifying agents which modulate PTEN activity are also 
provided. Exemplary assays include those which assess 
alterations in activated AKT levels, alterations in 
microvessel formation, alterations in TSPl levels, 
alterations in VEGF levels, alterations in TIMP3 levels, 
alterations in MMP9 activation and alterations PTEN 
phosphatase activity levels in the presence and absence of 
such test agents. 

Also provided in accordance with the present 
invention are high throughput screening methods for 
identifying small molecules which have affinity for PTEN 
or fragments thereof. Small molecules so identified are 
within the scope of the present invention and may 
optionally be further characterized in the functional 
assays described above. 



} 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1A and IB are a Western blot and a graph 
showing that stable expression of PTEN and PTEN mutants in 
U87MG cells regulates AKT. (Fig. 1A) Cell lysates from 
the U87MG (U87) cell line and U87 cells infected with a 
retroviral vector encoding PTEN (pBabe-Puro-PTEN) or 
mutants of PTEN (pBabe-Puro-PTEN-G129E or R130M) were 
resolved by SDS-PAGE, equal amounts of proteins were 
loaded per lane and immunoblotted with ant i sera to PTEN, 
phospho-AKT and total AKT, and visualized by enhanced 
chemi luminescence. The basal levels of PTEN (top), 
phosphorylated AKT (ser 473) (middle) and total AKT 
(bottom) are shown. The status of the PTEN gene in each 
stable cell line was designated as: WT.El and WT.C7 two 
separate clones expressing wild type PTEN. R130M and G12 9E 
are mutated PTEN proteins. R130M is inert as both a 
protein and a lipid phosphatase. The G129E PTEN can 
dephosphorylate acidic phosphopep tides , but cannot 
dephosphorylate the lipid substrate, PIP3 . The U87MG 
(U87) cell line is the parental cell line isolated from a 
human glioblastoma multiforme patient. (Fig. IB) 
Comparison of in vitro growth of U87MG cells transduced 
with mutants of PTEN. Equal number of cells (1x105) were 
incubated in RPMI + 10% FBS for different times and cell 
numbers were quantitated by direct cell counting. 

Figures 2A, 2B and 2C present data showing the 
effects of PTEN on growth of U87MG cells in vivo. (Fig. 
2A) Cell growth in vivo. In order to determine the rate 
of cell growth in vivo, equal amount of cells (5xl0 6 ) from 
each cell line were implanted at the right ventral flank 
by subcutaneous injection (see legend) . The formation and 



growth of the subcutaneous tumor was monitored and the 
volume of the tumor was determined by a three dimensional 
measurement at the times indicated (day 0, the date of 
implantation, no tumor is detected) - Data were analyzed by 
Student's t- test and differences were significant 
comparing the PTEN deficient (U87MG, R130M, G129E) to the 
wild type PTEN (WT.El, WT.C7), n=5, number of mice p<.0001 
(Fig. 2B) Stereophotography of subcutaneous tumor sites 
in mice implanted with the parental U87 tumor, PTEN minus 
(left panel) versus wild type PTEN reconstituted tumor 
cells (right panel) . These tumors represent 25 and 42 
days after implantation for PTEN minus versus wild type 
PTEN reconstituted tumors, respectively. (Fig. 2C) 
Immunoblot of cryostat tissue sections from subcutaneous 
tumor for the expression pattern of PTEN, AKT and 
phosphorylated AKT. Frozen tissue sections were 
solubilized in Laemmli * sample buffer, total protein was 
quantitated and equal protein was loaded on SDS PAGE. The 
data shown are representative of tissue analysis from 5 
animals per experimental group. 

Figures 3A-3E show that PTEN suppresses angiogenesis . 
Immunohistochemical analysis of staining with CD31 
antibody to evaluate the angiogenesis response within the 
parental U87MG tumor (Fig. 3A) and PTEN reconstituted 
tumors (Fig. 3B) implanted into the subcutaneous tissue. 
In PTEN minus and tumors expressing mutants of PTEN, there 
are more new vessels formed (angiogenesis) (upper panel, 
arrow indicated) than in wild-type PTEN reconstituted 
tumor (lower panel), indicating the PTEN has direct 
influence on angiogenesis during tumor growth. (Fig. 
3C) Microvessel density (MVD) counts were performed on 
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tumor tissue stained with anti-CD31 antibody to determine 
effect of expression of PTEN and specific PTEN mutants 
(G129E or R130M) on tumor induced angiogenesis . Bars 
represent standard deviation, 5 animals per group. 
Statistical analysis by Student's t-test demonstrate 
significant difference between MVD of PTEN null and PTEN 
catalytic mutants as compared to wild type PTEN 
reconstituted tumors, n=5, number of mice p<.001. (Fig. 
3D) PTEN regulates the expression of thrombospondin-1 
(TSP-1) in U87MG cells. RNAase protection assay was used 
to measure levels of TSP-1 mRNA in wild type PTEN 
expressing U87 cells or cells transduced with a mutant 
catalytically dead PTEN (G129R) . U87MG cells were 
infected with retrovirus encoding wild type PTEN (WT) , the 
catalytically dead, G129R mutant (GR) or empty vector 
retrovirus (-) and selected for 10 days in puromycin. RNA 
was harvested and RNAase protection assays were carried 
out using probes for TSP-1 and GAPDH. A probe for 
glyceraldehyde phosphate dehydrogenase (GAPDH) was used as 
a normalization control. (Fig. 3E) Thrombospondin 
immunoblot analysis. U87MG transduced with wild type PTEN 
(WT) or a catalytic mutant PTEN (G129R) in an ecdysone 
inducible expression system were induced (48 hours) with 
0.5 uM muristirone or assayed without induction to 
determine the effect of PTEN expression on the induction 
of TSP-1 by Western blotting. Supernatants from cells 
were prepared and proteins resolved on SDS-PAGE and probed 
with anti-TSP-1 antibody/ There is clear up-regulation of 
TSP-1 in wild type PTEN transduced U87 cultures compared 
to U87 cells expressing the lipid phosphatase deficient 
G129R mutant PTEN. 



Figure 4 is a Western blot showing the effect of 
constitutive PTEN reconstitution on VEGF expression in 
U87MG cells. VEGF immunoblot analysis of parental U87MG 
or PTEN wild type or mutant reconstituted tumor cell 
lysates revealed a dramatic suppression of VEGF in wild 
type and G129E mutant PTEN reconstituted tumor cells. 

Figures 5A-E are a series of micrographs and a graph 
showing the effects of PTEN reconstitution on survival in 
an orthotopic brain tumor model. Equivalent number of 
parental U87 cells or U87 cells reconstituted with wild 
type or mutant alleles of PTEN (see legend) (1 x 106 
cells) were implanted in right frontal lobe of nude mice. 
Stereophotography of whole brains from mice implanted with 
U87MG tumor cells (day 25) (Fig. 5A) , or PTEN 
reconstituted (day 42) (Fig. 5B) . The implantation site 
is shown by position of arrow in the wild type PTEN 
reconstituted tumor, (Fig. 5C) A R130M PTEN reconstituted 
tumor implanted into a nude mouse brain (magnification x 
20) . (Fig. 5D) A G129E PTEN reconstituted tumor implanted 
into a nude mouse brain. (Fig. 5E) Survival plots for 
mice implanted with PTEN minus or parental U87 cells 
transduced with mutants of PTEN as shown. Survival data 
represents 15 animals per experimental group. n=15, p 
<.0001 for difference observed between the PTEN + and PTEN 
- groups for survival. 

Figure 6 is a blot showing that PTEN induces the 
expression of TIMP-3. PTEN regulates the expression of 
tissue inhibitor of metalloproteinase (TIMP-3) in U87MG 
cells. RNAase protection assay was used to measure levels 
of TIMP-3 mRNA in wild type PTEN expressing U87 cells or 
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cells transduced with a mutant catalytically dead PTEN 
(G129R) . U87MG cells were infected with retrovirus 
encoding wild type PTEN (WT) , the catalytically dead, 
G12 9R mutant (GR) or empty vector retrovirus (-) and 
selected for 10 days in puromycin. RNA was harvested and 
RNAase protection assays were carried out using probes for 
TIMP-3 and GAPDH. A probe for glyceraldehyde phosphate 
dehydrogenase (GAPDH) was used as a normalization control. 

Figure 7 is a gel showing that PTEN suppresses MMP-9 
collagenolytic activity in vivo. Reverse zymography was 
used to evaluate the effect of PTEN reconstitution on 
collagenolytic activity within tumor tissue. The 
enzymatic activities of MMP-2 and MMP-9 were detected 
based on molecular weight and Western blot analysis (data 
not shown) . 

Figure 8 is a graph showing the effects of PTEN 
reconstitution on tumor invasion. Equivalent numbers of 
parental U87 cells or U87 cells reconstituted with wild 
type or mutant forms PTEN. A transwell system coated with 
Matrigel (lOug/ml) was used to assess the invasive 
properties of U87 cells versus PTEN reconstituted U87 
cells in vitro. These data demonstrated that PTEN 
regulates the capacity of tumor cells to invade a complex 
matrix barrier . 

Figures 9A and 9B are a graph and a blot showing that 
dominant negative Syk inhibits phagocytosis 
The phagocytosis of IgG sensitized sRBCs by J774A.1 was 
measured in cells infected with empty vector recombinant 
vaccinia virus or virus containing dominant negative Syk 
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(D/N Syk) . The cells were infected with the respective 
viruses for 4h at 37°C with 5% C0 2/ after which they were 
subjected to IgG sensitized sRBCs in fresh medium at a 
target to effector ratio equal to 100:1 for 2h at 37°C 
with 5% C0 2 . Nonengulfed sRBCs were lysed by water shock 
and the cells were fixed and stained with Wright-Giemsa 
staining before counting the phagocytic index. (Fig. 9A) 
Quantitation of phagocytosis of IgG coated sRBCs by 
J774A.1 cells overexpressing D/N Syk. The columns 
indicate phagocytic index of uninfected J774A.1 cells, 
cells infected with vaccinia virus containing vector only 
and cells infected with vaccinia virus containing D/N Syk. 

(Fig. 9B) J774A.1 cells infected with vaccinia virus 
containing D/N Syk expressed D/N Syk protein as shown in 
lane 3, while lane 1 represents untreated J774A.1 cells 
and lane 2 represents J774A.1 cells infected with empty 
vector vaccinia virus as a control. The error bars 
represent standard deviation of the mean. 

Figures 10A and 10B are graphs showing that Src and 
PI-3 kinase are required for ITAM signaling. Cells were 
treated with PPl, an inhibitor of Src family kinases, at 
concentrations of 10, 5 and 1 iiM or wortmannin, an 
inhibitor of PI-3 kinase, at concentrations of 10, 5 and 1 
ug/ml along with an appropriate DMSO control for Ih in 
DMEM with 10% FCS and then sensitized sRBCs were added at 
target to effector ratio equal to 100:1. (Fig. 10A) PPl 
blocks the phagocytosis significantly at 10 uM 
concentration and the effect is dose- dependent . (Fig. 
10B) Wortmannin blocks phagocytosis significantly at 5 
yg/ml. The columns indicate phagocytic index of untreated 
J774A.1 cells treated with DMSO (control), PPl, or 
wortmannin. The error bars represent standard deviation of 
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mean. 

Figures 11A and 11B are blots showing the effect of a 
dominant negative Syk and Src inhibitor, PPl, on tyrosine 
phosphorylation of Cbl in response to IT AM stimulation. 
Fig. 11A, upper panel shows the effects of D/N Syk on 
tyrosine phosphorylation of Cbl in response to stimulation 
with sensitized sRBCs. Lysates prepared from resting 
cells or cells stimulated with sRBCs for 5 minutes were 
immunoprecipitated with polyclonal anti-Cbl Ab and 
immunoblotted with ant i-phospho tyro sine antibody. Lane 2 
represents Cbl immunoprecipitated from resting J774A.1 
cells while lanes 5 and 8 represent Cbl immunoprecipitated 
from resting J774A.1 cells infected with vaccinia virus 
containing plain vector or dominant negative Syk 
respectively. Lane 3 represents Cbl IP from cells 
stimulated with sRBCs while lane 6 and 9 represents Cbl IP 
from cells infected with vaccinia virus containing plain 
vector or dominant negative Syk respectively stimulated 
with sRBCs.(Fig. 11B # Upper panel) Cells were treated 
with PPl to evaluate the role of the Src family kinases 
in Cbl tyrosine phosphorylation following stimulation with 
sensitized sRBCs. Lysates prepared from resting cells or 
cells stimulated with sRBCs for 5 minutes were 
immunoprecipitated with polyclonal anti-Cbl Ab and the 
resultant Cbl immunoprecipitates (Cbl IP) were 
immunoblotted with ant i-phospho tyrosine antibody. Lane 2 
represents Cbl IP from resting J774A*. 1 cells while lane 5 
represents Cbl IP from resting J774A.1 cells treated with 
10 yM PPl. Lane 3 represents Cbl IP from cells 
stimulated with sRBCs while lane 6 represents Cbl IP from 
cells treated with PPl and stimulated with sRBCs. (Figs. 
11A and 11B, lower panels) Anti-Cbl immunoblot of Cbl IP. 
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Lysates prepared from resting cells or cells stimulated 
with sRBCs for 5 minutes were immunoprecipitated with 
anti-Cbl antisera and immunoblotted with anti-Cbl . 
antisera. Lanes are as designated in (A) . 

Figure 12 is a graph showing that overexpression of 
PTEN in C0S7 cells inhibits IT AM signaling. Shows 
phagocytosis of IgG sensitized sRBCs by COS cells - - 
transfected with FcyRUa receptor, Syk, Cbl, PTEN or a 
trap mutant (C124S) of PTEN. The cells were transfected 
with episomal plasmids containing Syk, Cbl and/or PTEN for 
12h at 37°C with 5% C0 2/ after which were subjected to IgG 
sensitized sRBCs in fresh medium ab a target to effector 
ratio equal to 100:1 for two h at 37°C with 5% C0 2 . All 
experimental groups were transfected with FcRyHA, Syk, 
and Cbl, data for Syk and Cbl, not shown. Nonengulfed 
sRBCs were lysed by water shock and the cells were fixed 
and stained with Wright-Giemsa staining before counting 
the phagocytic index. A graphic representation of the. 
inhibition of phagocytosis of IgG coated sRBCs by COS7 
cells over expressing PTEN is shown. The error bars 
represent standard deviation of the mean. The red 
columns indicate the phagocytic index of plain J774A.1 
cells transfected with plasmid containing vector only or 
PTEN. The green bars represent effect of PTEN on the 
percent of cells phagocytic for at least one SRBC. 

Figure 13 is a Western blot showing that PTEN 
regulates phospho-AKT levels. A muristirone inducible 
expression system was used to express PTEN or PTEN mutants 
in U87MG cells. Immunoblots of lysates derived from U87 
cells + /- induction for expression of wild type PTEN, wild 
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type HA- tagged PTEN, or G129R (GR) PTEN mutant of PTEN. 
were probed with antibodies specific for phospho- (S473) AKT 
or AKT. 

Figure 14 is a graph and a blot showing the effect of 
PTEN induction on p53 transcription. U87MG cells 
expressing wild type PTEN, G129E or G129R mutants of PTEN 
under the control of muristirone (Western blot, insert) 
were transiently cotransf ected with pRSVp-galactosidase 
and mdm2 luciferase. U87MG cells expressed similar levels 
of PTEN and G129R and slightly higher levels of G129E PTEN 
under control of a muristirone (+ indicates muristirone 
added to cultures 24 hours prior to transfection of 
reporter plasmids; lanes correspond to columns of bar 
graph) . Induction of p53 dependent transcription was 
quantitated using (3 galactosidase as an internal control 
for transfection efficiency. 

Figure 15 is a graph showing that PI-3 kinase 
inhibitors block tumor growth. Tumor volume was measured 
in DMSO treated mice or LY294002 (a PI3 kinase inhibitor) 
treated (lOOmg/kg/day x 2 weeks) mice; treatment was 
concomitant with tumor implantation. 

Figure 16 is a graph showing quantitation of CD31 
positive microvessels within tumor tissue in the presence 
and absence of LY294002. Note the dramatic inhibitory 
effect of LY294002 on tumor-induced angiogenesis . Bars 
represent standard deviation of the mean (p< .001). 



Figure 17 is a graph showing that administration of 
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LY294002 dramatically reduces the incidence of brain 
tumors . 

Figure 18 is a graph showing that the effect of 
LY294002 on chemosensitivity of glioma cells. -/-, no 
addition; -/lmcM VP16, U87MG glioma cells exposed to 1 mcM 
VP16 only; -/5mcM VP16, cells exposed to 5 mcM VP16 only; 
LY/lmcMVPl6, cells exposed to lOuM LY294002 + lmcM VP16; 
LY/5mcM VP16, cells exposed to lOuM LY294002 + 5mcM VP16 . 
Cells were incubated for 48 hours with above components 
prior to MTT analysis for viable cell numbers. Bars are 
standard deviation of mean observation. 

Figure 19 is a graph showing the kinetic effect of 
LY294002 on Etoposide Chemosensitivity. -/-, no addition; 
LY294002/-, U87MG cells exposed to 10 uM LY294002 alone; - 
/.5mcM VP16, cells exposed to . 5mcM VP16 alone; -/lmcM 
VP16, cells exposed to.lmcM VP16 alone; -/5mcM VP16, cells 
exposed to 5mcM VP16 alone; LY/.5mcM VP16, cells exposed 
to lOuM LY294002 + .5 mcM VP16; LY/lmcM VP16, cells 
exposed to lOuM LY294002 + 1 mcM VP16; LY/5mcM VP16, cells 
exposed to 10 uM LY294002 + 5 mcM VP16. Cells were 
assayed by MTT at different times after addition of 
LY294002 and/or VP16 as shown. 

Figures 2 OA and 2 OB depict a schematic diagram and 
the amino acid sequence of PTEN, respectively. 

DETAILED DESCRIPTION OF THE INVENTION 

Tumor progression, particularly in aggressive and 
malignant tumors, is associated with the induction of 
angiogenesis, a process termed the angiogenic switch. 



\ 
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Mutations of the tumor suppressor PTEN, a phosphatase with 
specificity for D3 phosphorylated inositol phospholipids, 
are associated with malignant and invasive tumor 
progression. PTEN is, therefore, a critical regulator of 
tumor progression that acts by modulating the angiogenic 
switch response. 

To address the role of PTEN in the angiogenic switch 
response, a critical predictor of the metastatic potential 
of a tumor, a model system was developed utilizing the 
U87MG glioma cell line. The U87MG cell line, which is 
null for PTEN, is a highly metastatic cell line derived 
from a human glioblastoma multiforme patient. U87MG 
glioma cells stably reconstituted with PTEN cDNA were 
tested for growth in a nude mouse orthotopic brain tumor 
model. The introduction of wild type PTEN into U87MG 
cells resultes in decreased tumor growth in vivo and 
prolonged survival of mice implanted intracranially with 
these cells. PTEN reconstitution diminished, 
phosphorylation of AKT within the PTEN-reconstituted 
tumor, induced thrombospondin 1 expression, and suppressed 
VEGF expression and angiogenic activity. These effects 
were not observed in tumors reconstituted with the G129E 
mutant form of PTEN, in which lipid phosphatase activity 
is ablated. These data provide the first direct evidence 
that PTEN coordinately regulates the angiogenic switch and 
the progression of gliomas to a malignant phenotype via 
the regulation of phosphoinositide-dependent signals which 
control p53 transcriptional activity. 

Thus in accordance with the present invention, 
methods are provided for identifying and characterizing 
small molecules which impact PTEN modulated angiogenesis 
and tumor progression. A variety of biochemical assays 
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are provided which will facilitate the characterization of 
such molecules. Exemplary assays include those suitable 
for assessing matrix degradation, angiogenesis , tumor 
invasion and suppression of matrix metalloproteinase 9 
activity. 

The regulatory role for PTEN phosphatase is 
widespread throughout the cell. As described in Example 
III,.- PTEN also regulates. Inflammatory signaling. 
Immunoreceptor activation is associated with antibody 
dependent cell mediated toxicity, NK and CTL lysis of 
target cells, such as tumor cells, parasitic cells and 
microorganisms. The data presented herein indicate that 
PTEN controls immunoreceptor desensitization in vivo. 
This observation provides the basis for the development of 
assays and methods to identify and characterize small 
molecules which have efficacy in the treatment immune 
disorders associated with hyperactive inflammatory 
responses. Such molecules should also have efficacy in 
the treatment of graft versus host disease and graft 
rejection. Methods of use of agents so identified are 
also in the scope of the invention. PTEN inhibitors 
should effectively block immunoreceptor desensitization 
thereby augmenting the immunotherapeutic activity of 
immune cells. Immune cells that may be targeted with 
these inhibitors include -T cells, B cells, macrophages, 
dendritic cells, neutrophils, mast cells, eosinophils, and 
platelets . 

A detailed analysis of the PTEN and PI-3 kinase 
signaling cascade and its impact p53 mediated 
transcription is provided in Example IV. In accordance 
with the present invention, it has been discovered that 
p53 mediated transcription is dependent upon proper 
PTEN/PI3 kinase signaling. These data also indicate that 
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PI-3 kinase inhibitors have in vivo antiangiogenic 
activity. It has also been discovered that PTEN exerts 
control over p53 levels in cells as cells that contain 
mutated PTEN have a marked reduction in functional p53 
5 levels. Reduced p53 function is associated with reduced 

sensitivity to stress or chemotherapy induced apoptosis. 
Thus, this data, provides the basis for the development of 
additional biological assays for assessing the effects of 
small molecules which inhibit PTEN/ PI 3 kinase/p53 

10 signaling. Such small molecules should also have 

efficacy in the treatment of cancer. 

In Example V, the present inventor has determined 
that control of PI3 kinase pathways through PTEN 
modulation provides a means to pharmacologically 

15 manipulate stem cells such that they remain in a non- 

apoptotic, slowly proliferating state without lineage 
commitment. Thus, in yet another aspect of the invention, 
methods are provided for the generation of pluripotent 
stem cell populations for use in gene therapy, and ex vivo 

20 expansion of stem cell populations. 

PTEN activity has also been implicated in chemo- and 
radio-sensitivity as set forth in Example VI. Thus, based 
on the data presented herein, it has been discovered that 
activation of PTEN and the PI3 kinase pathway sensitizes 

25 cells to p53 mediated cell death through the control of 

p53 induced apoptosis. These observations thus provide 
the basis for additional methods for identifying 
efficacious chemotherapeutic combination therapies which 
should be effective in the treatment of cancer. 

30 The following description sets forth the general 

procedures involved in practicing the present invention. 
To the extent that specific materials are mentioned, it is 
merely for purposes of illustration and is not intended to 
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limit the invention. Unless otherwise specified, general 
cloning and gene expression procedures, such as those set 
forth in Current Protocols in Molecular Biology, Ausubel 
et al. eds., JW Wiley and Sons, NY (1998) are utilized. 

I. Definitions 

Various terms relating to the biological molecules of 
the present invention are used hereinabove and also 
throughout the specifications and claims.* 

"Nucleic acid" or a "nucleic acid molecule" as used 
herein refers to any DNA or RNA molecule, either single or 
double stranded and, if single stranded, the molecule of 
its complementary sequence in either linear or circular 
form. In discussing nucleic acid molecules, a sequence or 
structure of a particular nucleic acid molecule may be 
described herein according to the normal convention of 
providing the sequence in the 5' to 3' direction. With 
reference to nucleic acids of the invention, the term 
"isolated nucleic acid" is sometimes used. This term, 
when applied to DNA, refers to a DNA molecule that is 
separated from sequences with which it is immediately 
contiguous in the naturally occurring genome of the 
organism in which it originated. For example, an 
"isolated nucleic acid" may comprise a DNA molecule 
inserted into a vector, such as a plasmid or virus vector, 
or integrated into the genomic DNA of a prokaryotic or 
eukaryotic cell or host organism. 

When applied to RNA, the term "isolated nucleic acid" 
refers primarily to an RNA molecule encoded by an isolated 
DNA molecule as defined above. Alternatively, the term 
may refer to an RNA molecule that has been sufficiently 
separated from other nucleic acids with which it would be 



- 20 - 

associated in its natural state (i.e., in cells or 
tissues) . An isolated nucleic acid (either DNA or RNA) 
may further represent a molecule produced directly by 
biological or synthetic means and separated from other 
5 components present during its production. 

"Natural allelic variants", "mutants" and 
"derivatives" of particular sequences of nucleic acids 
refer to nucleic acid sequences that are closely related 
to a particular sequence but which may possess, either 

10 naturally or by design, changes in sequence or structure. 

By closely related, it is meant that at least about 75%, 
but often, more than 90%, of the nucleotides of the 
sequence match over the defined length of the nucleic acid 
sequence referred to using a specific SEQ ID NO. Changes 

15 or differences in nucleotide sequence between closely 

related nucleic acid sequences may represent nucleotide 
changes in the sequence that arise during the course of 
normal replication or duplication in nature of the 
particular nucleic acid sequence. Other changes may be 

2 0 specifically designed and introduced into the sequence for 

specific purposes, such as to change an amino acid codon 
or sequence in a regulatory region of the nucleic acid. 
Such specific changes may be made in vitro using a variety 
of mutagenesis techniques or produced in a host organism 

25 placed under particular selection conditions that induce 

or select for the changes. Such sequence variants 
generated specifically may be referred to as "mutants" or 
"derivatives" of the original sequence. 

The present invention also includes methods of use 

30 for active portions, fragments, derivatives and functional 

or non-functional mimetics of PTEN polypeptides or 
proteins of the invention. An "active portion" of PTEN 



polypeptide means a peptide that is less than the full 
length PTEN polypeptide, but which retains measurable 
biological activity. 

A "fragment" or "portion" of the PTEN polypeptide 
means a stretch of amino acid residues of at least about 
five to seven contiguous amino acids, often at least about 
seven to nine contiguous amino acids, typically at least 
about nine to thirteen contiguous amino acids and, most 
preferably, at least about twenty to thirty or more 
contiguous amino acids. Fragments of the PTEN polypeptide 
sequence, antigenic determinants, or epitopes are useful 
for eliciting immune responses to a portion of the PTEN 
amino acid sequence. 

A "derivative" of the PTEN polypeptide or a fragment 
thereof means a polypeptide modified by varying the amino 
acid sequence of the protein, e.g. by manipulation of the 
nucleic acid encoding the protein or by altering the 
protein itself. Such derivatives of the natural amino acid 
sequence may involve insertion, addition, deletion or 
substitution of one or more amino acids, and may or may 
not alter the essential activity of the original PTEN 
polypeptide. 

As mentioned above, the PTEN polypeptide or protein 
of the invention includes any analogue, fragment, 
derivative or mutant which is derived from a PTEN 
polypeptide and which retains at least one property or 
other characteristic of the PTEN polypeptide. Different 
"variants" of the PTEN polypeptide exist in nature. These 
variants may be alleles characterized by differences in 
the nucleotide sequences of the gene coding for the 
protein, or may involve different RNA processing or 
post-translational modifications. The skilled person can 
produce variants having single or multiple amino acid 
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substitutions, deletions, additions or replacements. These 
variants may include inter alia: (a) variants in which one 
or more amino acids residues are substituted with 
conservative or non-conservative amino acids, (b) variants 
in which one or more amino acids are added to the PTEN 
polypeptide, (c) variants in which one or more amino acids 
include a substituent group, and (d) variants in which the 
PTEN polypeptide is fused with another peptide or 
polypeptide such as a fusion partner, a protein tag or 
other chemical moiety, that may confer useful properties 
to the PTEN polypeptide, such as, for example, an epitope 
for an antibody, a polyhistidine sequence, a biotin moiety 
and the like. Other PTEN polypeptides of the invention 
include variants in which amino acid residues from one 
species are substituted for the corresponding residues in 
another species, either at the conserved or non-conserved 
positions. In another embodiment, amino acid residues at 
non-conserved positions are substituted with conservative 
or non-conservative residues. The techniques for obtaining 
these variants, including genetic (suppressions, 
deletions, mutations, etc.)., chemical, and enzymatic 
techniques are known to the person having ordinary skill 
in the art. 

To the extent such allelic variations, analogues, 
fragments, derivatives, mutants, and modifications, 
including alternative nucleic acid processing forms and 
alternative post-translational modification forms result 
in derivatives of the PTEN polypeptide that retain any of 
the biological properties of the PTEN polypeptide, they 
are included within the scope of this invention. 

The term "functional" as used herein implies that the 
nucleic or amino acid sequence is functional for the 
recited assay or purpose. 



The phrase "consisting essentially of" when referring 
to a particular nucleotide or amino acid means a sequence 
having the properties of a given SEQ ID No:. For example, 
when used in reference to an amino acid sequence, the 
phrase includes the sequence per se and molecular 
modifications that would not affect the basic and novel 
characteristics of the sequence. 

A tr replicoh " is' any genetflcT elements "for example , a ~ 
plasmid, cosmid, bacmid, phage or virus, that is capable 
of replication largely under its own control. A replicon 
may be either RNA or DNA and may be single or double 
stranded - 

A "vector" is a replicon, such as a plasmid, cosmid, 
bacmid, phage or virus, to which another genetic sequence 
or element (either DNA or RNA) may be attached so as to 
bring about the replication of the attached sequence or 
element . 

An "expression operon" refers to a nucleic acid 
segment that may possess transcriptional and translational 
control sequences, such as promoters, enhancers, 
translational start signals (e.g., ATG or AUG codons), 
polyadenylation signals, terminators, and the like, and 
which facilitate the expression of a polypeptide coding 
sequence in a host cell or organism. 

The term "probe" as used herein refers to an 
oligonucleotide, polynucleotide or nucleic acid, either 
RNA or DNA, whether occurring naturally as in a purified 
restriction enzyme digest or produced synthetically, which 
is capable of annealing with or specifically hybridizing 
to a nucleic acid with sequences complementary to the 
probe. A probe may be either single-stranded or 
double- stranded. The exact length of the probe will 
depend upon many factors, including temperature, source of 
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probe and use of the method. For example, for diagnostic 
applications, depending on the complexity of the target 
sequence, the oligonucleotide probe typically contains 
15-2 5 or more nucleotides, although it may contain fewer 
nucleotides. The probes herein are selected to be 
"substantially" complementary to different strands of a 
particular target nucleic acid sequence. This means that 
the probes must be sufficiently complementary so as to be-, 
able to "specifically hybridize" or anneal with their 
respective target strands under a set of pre-determined 
conditions. Therefore, the probe sequence need not 
reflect the exact complementary sequence of the target. 
For example, a non-complementary nucleotide fragment may 
be attached to the 5 1 or 3 1 end of the probe, with the 
remainder of the probe sequence being complementary to the 
target strand. Alternatively, non- complementary bases or 
longer sequences can be interspersed into the probe, 
provided that the probe sequence has sufficient 
complementarity with the sequence of the target nucleic 
acid to anneal therewith specfically. 

The term "specifically hybridize" refers to the 
association between two single-stranded nucleic acid 
molecules of sufficiently complementary sequence to permit 
such hybridization under pre-determined conditions 
generally used in the art (sometimes termed "substantially 
complementary"). In particular, the term refers to 
hybridization of an oligonucleotide with a substantially 
complementary sequence contained within a single-stranded 
DNA or RNA molecule of the invention, to the substantial 
exclusion of hybridization of the oligonucleotide with 
single-stranded nucleic acids of non-complementary 
sequence. 

Amino acid residues described herein are preferred to 



be in the "L" isomeric form. However, residues in the "D" 
isomeric form may be substituted for any L-amino acid 
residue, provided the desired properties of the 
polypeptide are retained. 

All amino-acid residue sequences represented herein 
conform to the conventional left- to-right amino- terminus 
to carboxy- terminus orientation. 

The term "isolated protein" or "isolated and purified 
protein" is sometimes used herein. This term refers 
primarily to a protein produced by expression of an 
isolated nucleic acid molecule of the invention. 
Alternatively, this term may refer to a protein that has 
been sufficiently separated from other proteins with which 
it would naturally be associated, so as to exist in 
"substantially pure" form. "Isolated" is not meant to 
exclude artificial or synthetic mixtures with other 
compounds or materials, or the presence of impurities that 
do not interfere with the fundamental activity, and that 
may be present, for example, due to incomplete 
purification, addition of stabilizers, or compounding 
into, for example, immunogenic preparations or 
pharmaceutically acceptable preparations. 

The term "substantially pure" refers to a preparation 
comprising at least 50-60% by weight of a given material 
(e.g., nucleic acid, oligonucleotide, protein, etc.). 
More preferably, the preparation comprises at least 75% by 
weight, and most preferably 90-95% by weight of the given 
compound. Purity is measured by methods appropriate for 
the given compound (e.g. chromatographic methods, agarose 
or polyacrylamide gel electrophoresis, HPLC analysis, and 
the like) . 

The term "tag," "tag sequence" or "protein tag" 
refers to a chemical moiety, either a nucleotide, 



oligonucleotide, polynucleotide or an amino acid, peptide 
or protein or other chemical, that when added to another 
sequence, provides additional utility or confers useful 
properties, particularly in the detection or isolation, to 
that sequence. Thus, for example, a homopolymer nucleic 
acid sequence or a nucleic acid sequence complementary to 
a capture oligonucleotide may be added to a primer or 
probe sequence to facilitate the subsequent 'isolation of 
an extension product or hybridized product. In the case 
of protein tags, histidine residues (e.g., 4 to 8 
consecutive histidine residues) may be added to either the 
amino- or carboxy- terminus of a protein to facilitate 
protein isolation by chelating metal chromatography. 
Alternatively, amino acid sequences, peptides, proteins or 
fusion partners representing epitopes or binding 
determinants reactive with specific antibody molecules or 
other molecules (e.g., flag epitope, c-myc epitope, 
transmembrane epitope of the influenza A virus 
hemaglutinin protein, protein A, cellulose binding domain, 
calmodulin binding protein, maltose binding protein, 
chitin binding domain, glutathione S-transf erase, and the 
like) may be added to proteins to facilitate protein 
isolation by procedures such as affinity or immunoaf f inity 
chromatography. Chemical tag moieties include such 
molecules as biotin, which may be added to either nucleic 
acids or proteins and facilitate isolation or detection by 
interaction with avidin reagents, and the like. Numerous 
other tag moieties are known to, and can be envisioned by, 
the trained artisan, and are contemplated to be within the 
scope of this definition. 

As used herein, the terms "reporter," "reporter 
system", "reporter gene," or "reporter gene product" 
shall mean an operative genetic system in which a nucleic 
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acid comprises a gene that encodes a product that when 
expressed produces a reporter signal that is a readily 
measurable, e.g., by biological assay, immunoassay, 
radioimmunoassay, or by colorimetric , fluorogenic, 
5 chemi luminescent or other methods. The nucleic acid may 

be either RNA or DNA, linear or circular, single or double 
stranded, antisense or sense polarity, and is operatively 
linked to the necessary control elements for the 
expression of the reporter gene product. The required 

10 control elements will vary according to the nature of the 

reporter system and whether the reporter gene is in the 
form of DNA or RNA, but may include, but not be limited 
to, such elements as promoters, enhancers, translational 
control sequences, poly A addition signals, 

15 transcriptional termination signals and the like. 

The terms " transform" , " transf ect " , " transduce" , 
shall refer to any method or means by which a nucleic acid 
is introduced into a cell or host organism and may be used 
interchangeably to convey the same meaning. Such methods 

2 0 include, but are not limited to, transf ection, 

electroporation, microinjection, PEG-fusion and the like. 
The introduced nucleic acid may or may not be integrated 
(covalently linked) into nucleic acid of the recipient 
cell or organism. In bacterial, yeast, plant and mammalian 

2 5 cells, for example, the introduced nucleic acid may be 

maintained as an episomal element or independent replicon 
such as a plasmid. Alternatively, the introduced nucleic 
acid may become integrated into the nucleic acid of the 
recipient cell or organism and be stably maintained in 

30 that cell or organism and further passed on or inherited 

to progeny cells or organisms of the recipient cell or 
organism. In other manners, the introduced nucleic acid 
may exist in the recipient cell or host organism only 
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transiently. 

A "clone" or "clonal cell population" is a population 
of cells derived from a single cell or common ancestor by 
mitosis. 

A "cell line" is a clone of a primary cell or cell 
population that is capable of stable growth in vitro for 
many generations . 

An "antibody" or "antibody molecule" .is any ._. _. 
immunoglobulin, including antibodies and fragments 
thereof, that binds to a specific antigen. The term 
includes polyclonal, monoclonal, chimeric, and bispecific 
antibodies. As used herein, antibody or antibody molecule 
contemplates both an intact immunoglobulin molecule and an 
immunologically active portion of an immunoglobulin 
molecule such as those portions known in the art as Fab, 
Fab* , F(ab' )2 and F(v) . 

II. Preparation of PTEN-Encoding Nucleic Acid Molecules, 
PTEN Proteins and Antibodies Thereto 

The PTEN protein comprises, from amino- to carboxy- 
terminus, a protein tyrosine phosphatase catalytic domain 
that has considerable homology to the cytoskeletal protein 
tensin, a C2 domain that confers lipid-binding and 
membrane- targeting, and a PDZ domain-binding site that 
contributes to membrane localization and protein stability 
(Lee et al Cell 1999, Wu et al PNAS 2000;)- The amino- 
terminal catalytic domain includes the HC(X) 5 R sequence, 
which is the signature motif of protein tyrosine 
phosphatases. The Genbank accession number for the human 
PTEN encoding nucleic acid molecule is NM000313. The 
amino acid sequence of PTEN is provided in Figure 2 OB. 
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These sequences are also referred to herein as SEQ ID NO: 
1 and SEQ ID NO : 2 . 

The PTEN protein, hereafter termed PTEN, is 
classified as a dual specificity phosphatase, whose 
substrate targets include phosphorylated proteins and 
inositol phospholipids. PTEN is distinguished by the fact 
that, unlike other dual specificity phosphatases, it 
preferentially dephosphorylates phosphoinosi tides at. the 
D3 position of the inositol ring (Maehama et al Trends 
Cell Biol. 1999, Maehama et al J Biol Chem 1998). PTEN is 
the product of the tumor suppressor gene PTEN/MMAC, 
mutations in which have been correlated with a number of 
different tumor types, including those of the brain, 
prostate, endometrium, breast, and lung. 

A. Nucleic Acid Molecules 

Nucleic acid molecules encoding PTEN may be prepared 
by two general methods: (1) They may be synthesized from 
appropriate nucleotide triphosphates, or (2) they may be 
isolated from biological sources. Both methods utilize 
protocols well known in the art. 

The availability of nucleotide sequence information, 
such as the full length cDNA having Sequence I.D. No. 1, 
enables preparation of an isolated nucleic acid molecule 
of the invention by oligonucleotide synthesis. Synthetic 
oligonucleotides may be prepared by the phosphoramadite 
method employed in the Applied Biosys terns 38A DNA 
Synthesizer or similar devices. The resultant construct 
may be purified according to methods known in the art, 
such as high performance liquid chromatography (HPLC) . 
Long, double- stranded polynucleotides, such as a DNA 



molecule of the present invention, must be synthesized in 
stages, due to the size limitations inherent in current 
oligonucleotide synthetic methods. Thus, for example, a 
large double-stranded DNA molecule may be synthesized as 
several smaller segments of appropriate complementarity. 
Complementary segments thus produced may be annealed such 
that each segment possesses appropriate cohesive termini 
for attachment of an adjacent segment. Adjacent segments 
may be ligateci by annealing cohesive termini in the 
presence of DNA ligase to construct the entire protein 
encoding sequence. A synthetic DNA molecule so 
constructed may then be cloned and amplified in an 
appropriate vector. 

Nucleic acid sequences encoding PTEN may be isolated 
from appropriate biological sources using methods known in 
the art. In a preferred embodiment, a cDNA clone is 
isolated from an expression library of human origin. In 
an alternative embodiment, genomic clones encoding PTEN 
may be isolated. 

Nucleic acids of the present invention may be 
maintained as DNA in any convenient cloning vector. In a 
preferred embodiment, clones are maintained in plasmid 
cloning/expression vector, such as pBluescript 
(Stratagene, La Jolla, CA) , which is propagated in a 
suitable E. coli host cell. 

PTEN-encoding nucleic acid molecules of the invention 
include cDNA, genomic DNA, RNA, and fragments thereof 
which may be single- or double- stranded. Thus, this 
invention provides oligonucleotides (sense or antisense 
strands of DNA or RNA) having sequences capable of 
hybridizing with at least one sequence of a nucleic acid 
molecule of the present invention, such as selected 
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segments of the cDNA having Sequence I.D. No. 1. Such 
oligonucleotides are useful as agents to inhibit or 
augment PTEN activity in cells or tissues. In particular, 
the present invention describes the use of PTEN encoding 
nucleic acids for reconstitution of PTEN activity in 
malignant cells or tissues for the purposes anti-cancer 
therapy. The present invention also describes the use of 
such agents to inhibit PTEN activity for the purposes of 
generating immortalized stem cells for syngeneic 
transplants. 

Bo Proteins 

Full-length PTEN of the present invention may be 
prepared in a variety of ways, according to known methods. 
The protein may be purified from appropriate sources, 
e.g., human or animal cultured cells or tissues, by 
immunoaf f inity purification. However, this is not a 
preferred method due to the small amounts of protein 
likely to be present in a given cell type at any time. 
The availability of nucleic acids molecules encoding PTEN 
enables production of the protein using in vitro 
expression methods known in the art. For example, a cDNA 
or gene may be cloned into an appropriate in vitro 
transcription vector, such a pSP64 or pSP65 for in vitro 
transcription, followed by cell-free translation in a 
suitable cell-free translation system, such as wheat germ 
or rabbit reticulocytes. In vitro transcription and 
translation systems are commercially available, e.g., from 
Promega Biotech, Madison, Wisconsin or BRL, Rockville, 
Maryland. 

Alternatively, according to a preferred embodiment, 
larger quantities of PTEN may be produced by expression in 
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a suitable procaryotic or eucaryotic system. For example, 
part or all of a DNA molecule, such as the .cDNA having 
Sequence I.D. No. 1, may be inserted into a plasmid vector 
adapted for expression in a bacterial cell, such as E. 
coli, or into a baculovirus vector for expression in an 
insect cell. Such vectors comprise the regulatory 
elements necessary for expression of the DNA in the 
bacterial host cell, positioned in such a manner as to ~ 
permit expression of the DNA in the host cell. Such 
regulatory elements required for expression include 
promoter sequences, transcription initiation sequences 
and, optionally, enhancer sequences. 

The PTEN produced by gene expression in a recombinant 
procaryotic or eucaryotic system may be purified according 
to methods known in the art. In a preferred embodiment, a 
commercially available expression/ secretion system can be 
used, whereby the recombinant protein is expressed and 
thereafter secreted from the host cell, to be easily 
purified from the surrounding medium. If 

expression/secretion vectors are not used, an alternative 
approach involves purifying the recombinant protein by 
affinity separation, such as by immunological interaction 
with antibodies that bind specifically to the recombinant 
protein. Such methods are commonly used by skilled 
practitioners. 

The PTEN proteins of the invention, prepared by the 
aforementioned methods, may be analyzed according to 
standard procedures. For example, such proteins may be 
subjected to amino acid sequence analysis, according to 
known methods . 

The present invention also provides methods of use of 
antibodies capable of immunospecif ically binding to 



proteins of the invention. Polyclonal antibodies directed 
toward PTEN or fragments thereof may be prepared according 
to standard methods. In a preferred embodiment, 
monoclonal antibodies are prepared, which react 
immunospecif ically with various epitopes of PTEN. 
Monoclonal antibodies may be prepared according to general 
methods of Kohler and Milstein, following standard 
protocols. Polyclonal or monoclonal antibodies that 
immunospecif ically interact with PTEN can be utilized for 
identifying and purifying such proteins. For example, 
antibodies may be utilized for affinity separation of 
proteins with which they immunospecif ically interact. 
Antibodies may also be used to immunoprecipitate proteins 
from a sample containing a mixture of proteins and other 
biological molecules. Other uses of anti-PTEN antibodies 
are described below. 

III. Uses of PTEN-Encoding Nucleic Acids, PTEN Proteins 
and Antibodies Thereto 

Tumor suppressor proteins constitute a functional 
family of proteins known to be essential regulators of 
cellular proliferation and, as such, provide suitable 
targets for the development of therapeutic agents for 
modulating their activity in a cell. Since PTEN is a 
tumor suppressor protein implicated in the etiology- of 
many malignant diseases, methods for identifying agents 
that modulate its activity are provided. Agents so 
identified should have efficacy in the treatment of a 
variety of malignant diseases. The use of PTEN modulating 
agents in conjunction with other known anti-cancer 
treatments such as chemotherapy and radiation therapy is 
also described. Moreover, such therapeutic agents will 
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also be useful for modulating the activity of PTEN in 
other cellular systems. Since there are several diseases, 
other than cancer, in which abnormal angiogenesis 
contributes to the etiology of the disease, the 
administration of PTEN modulating agents should provide 
therapeutic advantages for the treatment of these 
conditions. Utilization of therapeutic agents that 
modulate PTEN activity could also be used effectively to 
treat disorders characterized hyperactivity of the 
inflammatory immune response. Transformation of stem 
cells with PTEN may also be used to advantage in syngeneic 
transplants . 

A. PTEN-Encodinq Nucleic Acids 

PTEN-encoding nucleic acids may be used for a variety 
of purposes in accordance with the present invention. 
PTEN-encoding DNA, RNA, or fragments thereof may be used 
as probes to detect the presence of and/or expression of 
genes encoding PTEN. Methods in which PTEN-encoding 
nucleic acids may be utilized as probes for such assays 
include, but are not limited to: (1) in situ 
hybridization; (2) Southern hybridization (3) northern 
hybridization; and (4) assorted amplification reactions 
such as polymerase chain reactions (PCR) . 
Nucleic acid molecules, or fragments thereof, encoding 
PTEN may also be 'utilized to control the expression of 
PTEN, thereby regulating the amount of protein available 
to participate in tumor suppressor signaling pathways. 
Alterations in the physiological amount of PTEN may act 
synergistically with chemotherapeutic agents used to treat 
cancer. In one embodiment, the nucleic acid molecules of 
the invention will be used to restore PTEN expression to 



normal cellular levels or overexpress PTEN in a population 
of malignant cells. In this embodiment, reconstitution of 
signaling events downstream of PTEN abrogates the aberrant 
cellular proliferation observed in malignant cells. 

In another embodiment, the nucleic acid molecules of 
the invention may be used to decrease expression of PTEN 
in a population of stem cells. In this embodiment, 
oligonucleotides are targeted to specific regions of PTEN-.. 
encoding genes that are critical for gene expression. The 
use of antisense oligonucleotides to decrease expression 
levels of a pre-determined gene is known in the art. In a 
preferred embodiment, such antisense oligonucleotides are 
modified in various ways to increase their stability and 
membrane permeability, so as to maximize their effective 
delivery to target cells in vitro and in vivo. Such 
modifications include the preparation of phosphorothioate 
or methylphosphonate derivatives, among many others, 
according to procedures known in the art. The use of 
antisense oligonucleotides for the modulation of PTEN 
expression are provided in US Patent 6,020,199, filed 
February 1, 2 000, the entire disclosure of which is 
incorporated by reference. 

As described above, PTEN-encoding nucleic acids are 
also used to advantage to produce large quantities of 
substantially pure PTEN protein, or selected portions 
thereof. In a preferred embodiment, the N- terminal 
"catalytic domain" of PTEN is produced by expression of a 
nucleic acid encoding the domain. The full-length protein 
or selected domain is thereafter used for various 
research, diagnostic and therapeutic purposes, as 
described below. 



B. PTEN Protein and Antibodies 

Purified PTEN, or fragments thereof, may be used to 
produce polyclonal or monoclonal antibodies which also may 
serve as sensitive detection reagents for the presence and 
accumulation of PTEN (or complexes containing PTEN) in 
cultured cells or tissues from living patients (the term 
"patients" refers to both humans and animals) . 
Recombinant techniques enable expression of fusion 
proteins containing part or all of the PTEN protein. The 
full length protein or fragments of the protein may be 
used to advantage to generate an array of monoclonal 
antibodies specific for various epitopes of the protein, 
thereby providing even greater sensitivity for detection 
of the protein in cells or tissue. 

Polyclonal or monoclonal antibodies immunologically 
specific for PTEN may be used in a variety of assays 
designed to detect and quantitate the protein, which may 
be useful for diagnosing a PTEN-related malignant disease 
in a patient. Such assays include, but are not limited 
to: (1) flow cytometric analysis; (2) immunochemical 
localization in PTEN in cultured cells or tissues; and (3) 
immunoblot analysis (e.g., dot blot, Western blot) of 
extracts from various cells and tissues. Additionally, as 
described above, anti-PTEN can be used for purification of 
PTEN (e.g., affinity column purification, 
immunoprecipitation) . 

Anti-PTEN antibodies may also be utilized as 
therapeutic agents to block the normal functionality of 
PTEN in a target cell population, such as a stem cell or 
inflammatory cell. Thus, similar to the antisense 
oligonucleotides described above, anti-PTEN antibodies may 
be delivered to a target cell population by methods known 
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in the art (i.e. through various lipophilic carriers that 
enable delivery of the compound of interest to the target 
cell cytoplasm) where the antibodies may interact with 
intrinsic PTEN to render it nonfunctional. 

From the foregoing discussion, it can be seen that 
PTEN-encoding nucleic acids and PTEN proteins of the 
invention can be used to modulate PTEN gene expression and 
protein activity for the purposes of assessing the impact 
of PTEN modulation on the regulation of proliferative 
pathways of a cell or tissue sample. It is expected that 
these tools will be particularly useful for the treatment 
of human neoplastic disease in that PTEN-encoding nucleic 
acids, proteins and antibodies are excellent candidates 
for use as therapeutic agents. 

Although the compositions of the invention have been 
described with respect to human therapeutics, it will be 
apparent, to one skilled in the art that these tools will 
also be useful in animal and cultured cell experimentation 
with respect to various malignancies and/or other 
conditions manifested by alterations in cellular 
proliferation. As therapeutics, they can be used either 
alone or as adjuncts to other chemotherapeutic drugs to 
improve the effectiveness of such anti-cancer agents. 

III. Ther apeu t ic s 
A. Rational Drug Design 

Since PTEN is a tumor suppressor protein implicated 
in the etiology of many malignant diseases, including, but 
not limited to, those of the brain, prostate, endometrium, 
and lung, methods for identifying agents that modulate its 
activity should result in the generation of efficacious 
therapeutic agents for the treatment of a variety of 
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malignant and inflammatory diseases. Moreover, such 
therapeutic agents will also be useful for modulating the 
activity of PTEN in other cellular systems for the 
purposes of generating cells ideally suited for use as 
syngeneic transplants . 

The crystal structure of PTEN, solved in 1999, 
revealed that the 403 amino acid protein comprises three 

-domains -of - known^ function-. — These are the- N~ terminal 

catalytic domain (residues 1-185), the C2 domain (residues 
186-349) that participates in membrane binding and 
catalysis and the C terminal tail region (residues 350- 
403) . See Figure 20. Each of these domains provide 
suitable targets for the rational design of therapeutic 
agents which modulate PTEN activity. Particularly 
preferred regions are the N terminal and C2 domains, 
specifically regions including certain unique residues 
within and adjacent to the P loop, the WPD loop and the TI 
loop. It is these residues that participate in specific 
PIP3 substrate recognition and catalysis thereof. Another 
suitable region includes the C terminal tail which 
participates in PTEN regulatory and degradation in vivo. 
Small peptide molecules corresponding to these regions may 
be used to advantage in the design of therapeutic agents 
which effectively modulate the activity of PTEN, PI-3 
kinase cascades, AKT cascades, as well as p53-mediated 
transcription and cell death. 

PTEN is phosphorylated on tyrosine, serine and 
threonine residues. Agents which affect the 

phosphorylation state of the protein will also be screened 
as those small molecules which affect phosphorylation of 
PTEN should also modulate PTEN interactions with other 
proteins. The DLDLTYIYP motif (residues 22-30) at the 
extreme N terminus of PTEN contains a YxxP motif, a 



possible docking site for adapter proteins like crk and 
crkl via SH2 interactions. Another motif, YFSPN in the C 
terminus has been identified as the binding site for crk 
and crkl. The YLVLTL motif in the extreme C terminus is a 
site for SH2 interactions with She or SHP-1. The YSYL 
motif, which contains a tyrosine at position 178, is 100% 
conserved from Drosophila to man. Other tyrosine 
phosphorylated motifs include": YRNNIDD, Y at position "46, 
a sequence present in the catalytic domain identified as a 
binding site for Grb2 via its SH2 domain. 

Binding and inhibition^ of PTEN phosphatase may be 
assessed using recombinant wild type PTEN or mutants of 
PTEN and appropriate PIP 3 substrates to measure 
dephosphorylation of PIP 3 at D3 position. Agents which 
modulate PTEN phosphatase action should have efficacy in 
the treatment of cancer and inflammatory diseases. ' The 
dephosphorylation of phosphatidylinositol 3,4,5,- 
trisphosphate (PIP 3 ) is carried out in a reaction mixture 
consisting of 100 mM Tris-HCl (pH 8), 10 mM 
dithiothreitol, 0.5 mM diC 16 phosphatidylserine (PS), 25 
uM PIP 3 , diC 16/ BIOMOL PH-107 (BIOMOL, Inc.) and 50 ug/ml 
purified recombinant PTEN. Lipids were prepared in 
organic solvents and dispensed into 1 . 5 ml microfuge tubes 
followed by solvent removal under reduced pressure. 
Buffer is then added and a lipid suspension is formed by 
sonication. PTEN phosphatase assays are initiated by the 
addition of PTEN and carried out at 37°C. At different 
time points, 15]il of 100uM NEM (i\T-ethylmaleimide) is added 
to 10 yl of reaction mixture followed by rapid 
centrifugation 18,000 x g for 15 minutes at 4°C. 
Liberated inorganic phosphate is detected in twenty 
microliters of supernatant using the Malachite green assay 



and an inorganic phosphate standard curve. Malachite 
green reaction with inorganic phosphate is detected 
spectrophotometrically at 62 0 nm wavelength [Maehama, 
2000] . The N terminal domain also contains the P-loop 
(HCKAGKGR, residues (123-130) which is unique to PTEN. 
Two basic residues, K125 and K128 at the active site 
likely account for the capacity of the P-loop to 
accommodate the large PIP 3 as a substrate. The cysteine 
residue at position 124 forms a thiophosphate intermediate 
with the phosphorylated PIP 3 molecule. R130 is involved 
in catalysis of this phosphoester linkage. The His at 
position 123 and Glycine at position 127 are also critical 
for the conformation of the P-loop structure. The trough 
region defined by the active site is extended to 8 
angstroms in depth and 5 x 11 angstrom opening to the 
active site. This site will be targeted for molecular 
modeling to develop inhibitors specific for the PTEN 
phosphatase. Comparisons with other phosphatases (PTP and 
PTP1B) with PIP 3 activity will facilitate identification 
of those agents which specifically interact with PTEN. 

The WPD loop or DHNPPQ motif (residues 92-97) is 
equally important in catalysis in that mutation of Asp-92 
results in a loss of catalytic activity. This aspartic 
acid residue acts as a general acid to protonate the 
phenolic oxygen atom of a tyrosyl group for tyrosine 
phosphatases. These data suggest that the mechanistic 
action of PTEN is similar to that of tyrosine phosphatases 
during hydrolysis of the phosphate ester in PIP 3 . 

The invariant sequence in the WPD loop will also be 
used in a combinatorial drug screen based on the 
electrostatic charge characteristics of this region of the 
PTEN molecule. Functional side chains of these amino 
acids will be targeted with organic molecules which mimic 



or disrupt the WPD interaction with the P-loop and TI-loop 
residues. For these screens a PTEN inert organic scaffold 
will be developed to allow for detection of organic 
molecules which specifically bind PTEN or PTEN fragments. 

The structure of the TI loop in the N terminal domain 
facilitates PTEN-mediated dephosphorylation of the PIP 3 
molecule by providing an elongated and enlarged catalytic 

site. This, is in contrast, to other dual„ specificity ... 

phosphatases. Residues (164 - 174) in the Tl loop include 
KGVTIPSQRRY. These residues are 100% conserved. The 
serine residue at position 170, R at 173 and Y at 174 in 
this PTEN peptide are important in maintaining the 
interaction between the TI loop and the C2 domain and are 
often mutated in human tumors. 

The TI loop of PTEN is in close proximity to the C2 
domain and maintains a rigid interface to promote the open 
configuration for PIP 3 binding to PTEN. A 100% conserved 
region in C2 domain, HFWVNTFFI, will also be used to 
screen a combinatorial library for organic molecules which 
bind to this motif. 

Small molecules which have affinity for the C 
terminal tail of PTEN will also be screened and 
characterized. Molecules so identified should decrease 
degradation of PTEN in cells by interfering with 
phosphorylation of residues, S380, T382 and T383 within 
the sequence RYSDTTDS at the extreme C terminus. Screens 
will be performed with recombinant GST PTEN protein 
comprising the last 50 amino acids (residues 3 50-403) of 
PTEN to identify those agents which have affinity for this 
region of PTEN. This methodology should identify agents 
that will antagonize the phosphorylation of PTEN tail 
and/or interfere with PDZ binding thereby blocking PTEN 
interaction with the plasma membrane. Agents which 



) 



- 42 - 

disrupt this PDZ interaction will likely interfere with 
PTEN degradation and hence increase PTEN activity levels 
in vivo . 

Another suitable target present in the C-terminal 
domain of PTEN is the PEST domain. This region encodes a 
site for ubiquitin mediated degradation of PTEN which, if 
blocked, should augment PTEN activity by preventing its 
degradation. Other sequences present in the C terminus of 
PTEN between residues 251-351 include TLTKNDLD - FTKTV , 
GDIKVEF-FTKTV, DKANKDKAN- FTKTV . 

The present invention is not only directed to methods 
for the rational design and screening of agents having 
binding affinity to the particular peptide sequences 
described above. Several PTEN mutants are disclosed 
herein which may also be used to advantage to identify 
molecules which modulate PTEN activity. For example, the 
C124S mutant of PTEN provides an ideal target for the 
initial screening of therapeutic agents given its 
increased affinity for substrates and substrate trapping 
capacity in vivo. Use of this mutant PTEN in the assays 
of the invention should result in the identification and 
characterization of phosphoinositol D3 analogs that 
inhibit PTEN activity. Such agents should include organic 
chemicals with the capacity to disrupt the vicinal 
sulfhydryl interaction of C124 with the phosphate group 
required to form a thiol -phosphate intermediate for 
cleavage of the inositol phosphate bond. Agents which so 
modulate action of the C124S mutant of PTEN will then be 
further assessed in functional phosphatase assays. 

Monoclonal antibodies, proteins, protein fragments, 
peptides and peptidomimetic analogs of peptides which 
simulate the binding site for PIP 3 as well as structural 
homologs of phosphoinositides phosphorylated in D3 
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position, or substituted in the D3 position with other 
negatively charged functional groups, will be screened for 
capacity to bind and modulate PTEN phosphatase activity in 
vitro. Molecular modeling should facilitate the 
identification of specific organic molecules with capacity 
to bind to the active site of PTEN based on conformation 
or key amino acid residues required for catalytic 
function. A combinatorial chemistry approach will be used 
to identify molecules with greatest activity and then 
iterations of these molecules will be developed for 
further cycles of screening. 

The PTEN polypeptide or fragment employed in drug 
screening assays may either be free in solution, affixed 
to a solid support or within a cell. One method of drug 
screening utilizes eukaryotic or prokaryotic host cells 
which are stably transformed with recombinant 
polynucleotides expressing the polypeptide or fragment, 
preferably in competitive binding assays. Such cells, 
either in viable or fixed form, can be used for standard 
binding assays. One may determine, for example, formation 
of complexes between a PTEN polypeptide or fragment and 
the agent being tested, or examine the degree to which the 
formation of a complex between a PTEN polypeptide or 
fragment and a known substrate . is interfered with by the 
agent being tested. 

Another technique for drug screening provides high 
throughput screening for compounds having suitable binding 
affinity to PTEN polypeptides and is described in detail 
in Geysen, PCT published application WO 84/03564, 
published on Sep. 13, 1984. Briefly stated, large numbers 
of different, small peptide test compounds, such as those 
described above, are synthesized on a solid substrate, 
such as plastic pins or some other surface. The peptide 
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test compounds are reacted with PTEN polypeptide and 
washed. Bound PTEN polypeptide is then detected by 
methods well known in the art. 

A further technique for drug screening involves the 
use of host eukaryotic cell lines or cells (such as 
described above) which have a nonfunctional PTEN gene. 
These host cell lines or cells are defective at the PTEN 
polypeptide level. The host cell lines or cells are grown 
in the presence of drug compound. The rate of cellular 
proliferation and transformation of the host cells is 
measured to determine if the compound is capable of 
regulating the proliferation and transformation of PTEN 
defective cells. 

Another approach entails the use of phage display 
libraries engineered to express fragment of PTEN on the 
phage surface. Such libraries are then contacted with a 
combinatorial chemical library under conditions wherein 
binding affinity between the PTEN peptide and the 
components of the chemical library may be detected. US 
Patents 6,057,098 and 5,965,456 provide methods and 
apparatus for performing such assays. 

The goal of rational drug design is to produce 
structural analogs of biologically active polypeptides of 
interest or of small molecules with which they interact 
(e.g., agonists, antagonists, inhibitors) in order to 
fashion drugs which are, for example, more active or 
stable forms of the polypeptide, or which, e.g., enhance 
or interfere with the function of a polypeptide in vivo. 
See, e.g., Hodgson, (1991) Bio/Technology 9:19-21. In one 
approach, discussed above, the three-dimensional structure 
of a protein of interest or, for example, of the protein- 
substrate complex, is solved by x-ray crystallography, by 



nuclear magnetic resonance, by computer modeling or most 
typically, by a combination of approaches. Less often, 
useful information regarding the structure of a 
polypeptide may be gained by modeling based on the 
structure of homologous proteins. An example of rational 
drug design is the development of HIV protease inhibitors 
(Erickson et al., (1990) Science 249:527-533). In 
addl "t'i'on; ' "peptides ' "( e ; g: ; " PTEN" polypeptide) — may be 
analyzed by an alanine scan (Wells, (1991) Meth. Enzym. 
202:390-411). In this technique, an amino acid residue is 
replaced by Ala, and its effect on the peptide's activity 
is determined. Each of the amino acid residues of the 
peptide is analyzed in this manner to determine the 
important regions of the peptide. 

It is also possible to isolate a target-specific antibody, 
selected by a functional assay, and then to solve its 
crystal structure. In principle, this approach yields a 
pharmacore upon which subsequent drug design can be based. 

It is possible to bypass protein crystallography 
altogether by generating anti-idiotypic antibodies (anti- 
ids) to a functional, pharmacologically active antibody. 
As a mirror image of a mirror image, the binding site of 
the anti-ids would be expected to be an analog of the 
original molecule. The anti-id could then be used to 
identify and isolate peptides from banks of chemically or 
biologically produced banks of peptides. Selected 
peptides would then act as the pharmacore. 

Thus, one may design drugs which have, e.g., improved 
PTEN polypeptide activity or stability or which act as 
inhibitors, agonists, antagonists, etc. of PTEN 
polypeptide activity. By virtue of the availability of 
cloned PTEN sequences, sufficient amounts of the PTEN 
polypeptide may be made available to perform such 
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analytical studies as x-ray crystallography. In addition, 
the knowledge of the PTEN protein sequence provided herein 
will guide those employing computer modeling techniques in 
place of, or in addition to x-ray crystallography. 
Suitable peptide targets for identifying specific PTEN 
binding and modulating agents are provided in Table I 
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TABLE I 

PTEN peptide moVif ^ used to screen for P^^a^^i~s^t¥~and~ 

inhibitors 



Phosphorylation site motifs j 

DLDLTYIYP 

YLVLTL 

YRNNIDD 

KGVTI PSQRRYVYYYSYLL 

YSYL 

YFSPN 

RYSDTTDS 

Catalytic Domain motifs 

HCKAGKR(P-loop) 
DHNPPQ (WPD-loop) 
KGVTI PSQRRY (TI-loop) 

C2 domain motifs 



amino acid residue number 

(22-30) 

(27-30) 

(46-52) 

(164-182) 

(178-181) 

(336-339) 

(378-385) 

(1-185) 

(123-130) 

(92-97) 

(164-174) 

(186-350) 
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HFWVNTFFI (272-280) 

C terminal tail related (351-403) 
regions of interest 

TLTKNDLD FTKTV ( PEST domain sequences) (319-351) 

GDIKVEF FTKTV (PEST domain sequences) (251-351) 

DKANKDKAN FTKTV (PEST) (331-351) 

RYSDTTDS (pre-PDZ region) (378-385) 
HTQITKV (PDZ-MAGI-2 interaction domain) (399-403) 
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B. Pharmaceuticals and Peptide Therapies 

The elucidation of the role played by PTEN in 
cellular transformation and angiogenesis facilitates the 
development of pharmaceutical compositions useful for 
treatment and diagnosis PTEN associated disorders. These 
compositions may comprise, in addition to one of the above 
substances, a pharmaceutically acceptable excipient, 
carrier, buffer, stabilizer or other materials well known 
to those skilled in the art. Such materials should be non- 
toxic and should not interfere with the efficacy of the 
active ingredient. The precise nature of the carrier or 
other material may depend on the route of administration, 
e.g. oral, intravenous, cutaneous or subcutaneous, nasal, 
intramuscular, intraperitoneal routes . 

Whether it is a polypeptide, antibody, peptide, 
nucleic acid molecule, small molecule or other 
pharmaceutically useful compound according to the present 
invention that is to be given to an individual, 
administration is preferably in a "prophylactically 
effective amount" or a "therapeutically effective amount" 
(as the case may be, although prophylaxis may be 
considered therapy) , this being sufficient to show benefit 
to the individual . 

C. Methods of Gene Therapy 

As a further alternative, the nucleic acid encoding 
the authentic biologically active PTEN polypeptide could 
be used in a method of gene therapy, to treat a patient 
who is unable to synthesize the active "normal" 
polypeptide or unable to synthesize it at the normal 
level, thereby providing the effect elicited by wild- type 



PTEN and suppressing the occurrence of "abnormal" PTEN 
associated diseases such as cancer. 

Vectors, such as viral vectors have been used in the 
prior art to introduce genes into a wide variety of 
different target cells. Typically the vectors are exposed 
to the target cells so that transformation can take place 
in a sufficient proportion of the cells to provide a 
useful therapeutic or prophylactic effect from the 
expression of the desired polypeptide. The transfected 
nucleic acid may be permanently incorporated into the 
genome of each of the targeted cells, providing long 
lasting effect, or alternatively the treatment may have to 
be repeated periodically. 

A variety of vectors, both viral vectors and plasmid 
vectors are known in the art, see US Patent No. 5,2 52,479 
and WO 93/07282. In particular, a number of viruses have 
been used as gene transfer vectors, including 
papova viruses, such as SV40, vaccinia virus, herpes 
viruses including HSV and EBV, and retroviruses. Many gene 
therapy protocols in the prior art have employed disabled 
murine retroviruses . 

Gene transfer techniques which selectively target the 
PTEN nucleic acid to malignant tissues are preferred. 
Examples of this include receptor-mediated gene transfer, 
in which the nucleic acid is linked to a protein ligand 
via polylysine, with the ligand being specific for a 
receptor present on the surface of the target cells. 

The following Examples are provided to describe the 
invention in further detail. The Examples are intended to 
illustrate and not to limit the invention. 
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Example 1 
Orthotopic Brain Tumor Model 

To determine whether PTEN exerts control over 
angiogenesis and/or the growth of glial tumors, an 
orthotopic brain tumor model was developed in which PTEN- 
deficient tumor cells were genetically manipulated in 
vitro and then stereotactically injected into the" frontal 
cerebral cortex of nude mice. The U87MG cell line 
employed in these studies is derived from a patient 
diagnosed with glioblastoma multiforme, a highly malignant 
and uniformly fatal brain tumor. This tumor and other 
human glioblastomas and glioblastoma cell lines contain a 
mutation in both PTEN alleles (U87MG cells have a 
homozygous mutation in PTEN resulting in a null genotype) . 

In the orthotopic brain tumor model, 100% of mice 
implanted intracranially with the parental U87 cells 
display a highly invasive and angiogenic pattern of brain 
tumor growth that results in mortality within 25-27 days. 
In view of these observations, the effect of 
reconstituting expression of the PTEN gene in the parental 
U87MG (U87) cell line was explored. 

Stable derivatives of the parental U87 cells were 
generated following transduction with retroviruses 
encoding cDNA for wild type PTEN or specific mutants of 
this phosphatase. In particular, missense mutations in 
the PTP signature motif were introduced to ascertain the 
importance of the enzymatic activity of PTEN to its tumor 
suppressor function. Missense mutations included the 
G129E mutant, which displays a severely attenuated ability 
to dephosphorylate inositol phospholipids, but retains 
normal enzymatic activity for phosphoproteins . The 
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biological significance of the G129E mutant was 
underscored by the fact that its presence has been 
correlated with Cowden's disease and endometrial cancer. 
In another missense mutation generated, the R130M mutant, 
5 all phosphatase activity has been abrogated (Myers et al 

PNAS 1997, Funari et al PNAS 1997). 

Tumor cells were characterized biochemically for 
levels of activated AKT (phospho-S473-AKT) , growth in 
vitro and PTEN expression (Figure 1) . Anti-PTEN blots 

10 confirmed that parental U87 cells did not express PTEN and 

that following reconstitution of PTEN expression, U87 
cells expressed significant and comparable amounts of the 
wild type or mutant phosphatase protein. Expression of 
wild type PTEN, at levels similar to those observed in a 

15 mouse brain lysate, suppressed the activated state of AKT 

observed in PTEN-def icient U87 cells (Figure 1A, lanes 3 & 
5) . Following expression of the R13 0M and G12 9E mutant 
forms of PTEN, the levels of phospho-AKT were similar to 
those observed in the parental U87 cells (Figure 1A, lanes 

20 1, 2 & 4), suggesting that the lipid phosphatase activity 

of PTEN was essential for the effects on the PIP3- 
dependent activation of AKT. Interestingly, the growth 
of the different PTEN-expressing U87 cell lines in vitro 
was similar in 2 , 5 and 10% fetal bovine serum (data not 

25 shown and Figure IB) . Therefore, we compared these cell 

lines further in our in vivo models. 

Athymic nude mice were implanted subcutaneously and 
by intracranial injection. Production of subcutaneous 
tumors facilitates monitoring of tumor size and 

3 0 performance of direct biochemical analysis of tumor tissue 

for the examination PTEN expression and levels of AKT 
activation without significant contamination from other 



tissues. Tumor tissue blocks were processed for H & E 
staining, which confirmed that >95% of the tissue examined 
comprised tumor cells free of dermal or subdermal tissue. 
The levels of PTEN in tumor tissue and numerous normal 
tissues within the athymic nude mouse were compared. 
Using anti-PTEN antisera, the expression of PTEN was 
detected in all tissues, with the exception of skeletal 
and heart muscle (data not shown) . No PTEN was detected 
in parental U87-derived tumor tissue (Figure 2C, lane 4) . 
These results demonstrate that the tumor tissue sampled 
contained predominantly tumor cell-derived proteins. As 
observed in the cell lines grown in vitro, subcutaneous 
tumors derived from U87 cells reconstituted with mutant or 
wild type PTEN display similar levels of PTEN expression 
(Figure 2C, lanes 1, 2, 3 & 5) . Phospho-AKT activity was 
higher in PTEN-null U87 cells and U87 cells reconstituted 
with R130M and to a lesser extent in U87 cells expressing 
the G12 9E mutant (Figure 2C, lane 1) as compared to the 
wild type PTEN transduced cells (Figure 2C, compare lanes 
1, 2 & 4 to lanes 3 & 5) . The pattern of phosphorylated 
AKT was similar when the different U87 mutant expressing 
cell lines were assayed in vitro or in vivo (compare 
Figure 1A to 2C) . Despite the similar in vitro growth 
rate, there was a dramatic difference in the growth of 
tumors derived from parental U87 cells compared to cells 
reconstituted with wild type PTEN (Figure 2A & B) . The 
average volume of U87 -derived tumors on day 25 after 
implantation was 848±203 mm3, compared to 91±27 mm3 for 
tumors derived from PTEN- reconstituted cells (n =5, 
p<.0001). Reconstitution with catalytically dead mutants 
of PTEN significantly reduced the rate of growth in vivo 
without a demonstrable effect on angiogenesis (Figure 2A 
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and 3C) . Others have observed effects of catalytically 
dead PTEN expression on cell invasion, suggesting a 
function for other regions of the PTEN molecule in 
cellular functions. Interestingly, in vivo BrdU labeling 
5 of tumor cells revealed no significant difference in 

number of cells in S phase (72 ± 6 BrdU positive cells 
per field in parental U87MG tumor mass versus 68.5 ± 3 in 
WT PTEN reconstituted tumors) . These data demonstrated 
that the loss of PTEN-mediated inositol phospholipid 

10 phosphatase activity was a critical component of 

deregulated tumor growth. Notably, the G129E mutant 
(which lacks inositol phospholipid phosphatase activity) 
was equivalent to the R130M mutant (which lacked inositol 
phospholipid and phosphoprotein activity) with respect to 

15 both tumor growth and the proliferative rate of these 

tumors in vivo. 

To assess the effect of PTEN on angiogenesis, 
parental U87 cells were compared to cells reconstituted 
with wild type or mutant PTEN. Cryostat sections from 

20 subcutaneous tumors for were stained for CD31 (PECAM) , an 

endothelial marker used to measure the microvessel density 
of these tumors. Microvessel density was assessed from 
multiple digitized images of CD31-stained tumor tissue at 
lOOx magnification (3 fields were evaluated per tumor) and 

25 counted blindly for the number of CD31 positive 

microvessels per unit surface area as described (Weidner et 
al 1991 N Engl J Med 324:1-8). Recons ti tution of PTEN 
expression in U87 cells dramatically suppressed the 
angiogenic response in vivo (Figure 3A & B) . Quantitation 

30 of microvessel density in tumors derived from parental U87 

cells (77±13) and U87 cells expressing wild type PTEN 
(38±7) revealed an -50% suppression of angiogenesis 
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(Figure 3C) (n-5 f p<.001). The microvessel density of 
tumors derived from U87 cells reconstituted with 
catalytically impaired PTEN (R130M, 84±15 or G129E, 69±16) 
were not significantly different (p>.05) from the parental 
5 U87 cell line (Figure 3C) . Similar results were obtained 

from an analysis of microvessel density of intracranial 
tumors. The levels of phospho-AKT detected within the 
tumor mass in vivo demonstrated a mechanistic link between 
the loss of the inositol lipid phosphatase function of 

10 PTEN, the phosphorylation status AKT and the angiogenic 

phenotype within the tumor. 

Recent in vitro data suggested a link between PTEN 
and downstream targets including AKT, HIFla and VEGF in 
the potential control of angiogenesis (Zundel et al . , 

15 Genes Dev 2000, Zhong et al., Cancer Res 2000). We used 

the RNase, protection assay (RPA) to examine the effect of 
PTEN on thrombospondin 1 (TSP-1) expression. . RPA was 
performed with a TSP-1 specific probe in U87MG cells 
constitutively expressing wild type PTEN or G129R PTEN 

20 (Figure 3D) . The data demonstrate that wild type but not 

mutant PTEN expression induces TSP-1 in U87 cells. To 
confirm these results, Western blot analysis was 
performed to assess TSP-1 expression in a retroviral-based 
ecdysone-inducible PTEN expression system (No et al PNAS 

25 1996). Inducible and dose -dependent expression of PTEN 

was confirmed in U87 cells. The induced expression of 
wild type PTEN, but not G129R PTEN, resulted in 
augmentation of thrombospondin 1 expression (Figure 3E) 
and suppression of AKT activation as demonstrated by 

30 decreased phospho-AKT levels without an accompanying 

decrease in total AKT (data not shown) . The induced 
expression of mutant G129R had no effect on phospho-AKT 



levels. The data therefore demonstrate that PTEN 
positively modulated the expression of thrombospondin 1, a 
negative regulator of angiogenesis (Figure 3D and E) 
(Sheibani and Frazier, (1999) Histol. Histopathol. 14:285- 
294, Hsu et al . , (1996) Cancer Res. 56:5684-5691). These 
data suggested that PTEN has a pivotal role in 
angiogenesis mediated, in part, by the induction of TSP-1. 

Vascular endothelial growth factor (VEGF) is a known 
positive regulator of angiogenesis (Jiang et al. (2000) 
Proc Natl Acad Sci USA, 97(4), 1749-53; Mazure et al . 
(1997) Blood, 90 (9), 3322-31; Mazure et al . (1996) Cancer 
Res, 56(15), 3436-40; Plate et al . (1994) Int J Cancer, 
59(4), 520-9; Plate et al . (1992) Mature, 359(6398), 845- 
8) . The capacity of tumor tissue to produce VEGF was 
determined for U87MG parental cells null for PTEN versus 
U87. cells reconstituted with wild type PTEN or mutants of 
PTEN (G129E or R130M) . Tumor tissue obtained from 
subcutaneously implanted tumor cells was subjected to 
cryostat sectioning and multiple sections through the 
tumor tissue were pooled for biochemical Western blot 
analysis using anti-VEGF antibody (Santa Cruz, SC-507 ) . 
Cell lysates were assayed for protein concentration by 
Bradford method. Equivalent amounts of total protein 
were resolved by SDS PAGE followed by immunoblot for VEGF 
protein. 

The results demonstrate that the reconstitution of 
wild type PTEN but not catalytically dead PTEN markedly 
suppresses the production of VEGF by U87MG tumors in vivo. 
No VEGF was detected in tumors reconstituted with the wild 
type PTEN (Figure 4, lanes 3 and 4) . An intermediate 
level of suppression is noted in tumors reconstituted with 
the G129E mutant of PTEN (Figure 4, lane 1), a mutant 



- 55 - 

which has lost its capacity to dephosphorylate PIP 3 and 
not protein substrates. These data show the first 
evidence that PTEN suppresses VEGF, a proangiogenic growth 
factor in vivo. The data implicate PTEN and therefore, 
the PI-3 kinase cascade in the coordinate regulation of 
the "angiogenic switch" mechanism which controls 
angiogenesis under normal physiologic conditions. It is 
this control that is lost during tumor progression. 

Brain tumor-induced angiogenic responses are known to 
occur in the context of brain specific stromal and 
extracellular matrix interactions. To determine whether 
the expression of PTEN affected the survival of mice in an 
orthotopic brain tumor model, U87 cells expressing either 
wild- type or mutant forms of PTEN were implanted under 
stereotactic control into the right frontal lobe of nude 
mice (Figure 5A-D, see arrow for site of implantation) . 
The results demonstrated that reconstitution of wild type 
PTEN in U87 cells suppressed the malignant, potential of 
these cells in an orthotopic animal model. Thus, there 
was 90% survival at 40 days in animals implanted with the 
wild type PTEN-reconstituted U87 cells compared to 100% 
mortality of mice implanted with the parental cells at 27 
days (Figure 5E) (n=15, p <.0001). PTEN reconstituted 
tumor cells grew more slowly when implanted in the frontal 
lobe (Figure 5, compare A & B) and remained circumscribed 
to that area of brain (data not shown) . U87 cells 
reconstituted with PTEN mutants, ablated for either 
inositol lipid phosphatase activity (G129E) or all 
phosphatase activity (R130M) , displayed a phenotype 
similar to the PTEN-negative, parental U87 cells (Figure 
5C) . Animals with tumors derived from U87 cells 
reconstituted with PTEN-G129E displayed slightly prolonged 



- 56 - 

survival (50% at day 30) compared to those implanted with 
parental U87 cells; all of these animals were dead, 
however, by day 40. These data implicate the inositol 
lipid phosphatase activity of PTEN is required for 
controled angiogenesis (Figure 3) and its loss is 
correlated with the development of a highly malignant 
glioma (Figure 5C) following implantation of U87 tumor 
cells in mice . 

EXAMPLE II 

PTEN RECONSTITUTION REDUCES METASTATIC POTENTIAL OF BRAIN 
TUMOR CELLS INTRODUCED VIA THE CAROTID ARTERY AND 
NEGATIVELY REGULATES PROANGIOGENIC FACTORS 

The following methods are provided to facilitate the 
practice of Example II. 

As described in Example I, wild type PTEN or mutant 
PTEN (G129E, R130M) cDNAs were subcloned into the pBabe- 
puro retroviral expression vector. Stable clones of U87MG 
cells were established under puromycin selection (2 ug/ml) 
(Myers et al . 1998). A panel of antibodies were obtained 
which are immunospecif ic for PTEN (Myers et al. 1998), 
AKT, phospho-AKT (New England Bio labs, #9270), TIMP-3, 
MMP-9, and MMP-2 (Sigma) . 

To evaluate the role PTEN plays in regulating the 
expression of factors that promote angiogenesis and 
invasiveness of glial tumors, an in vitro gelatin 
zymography assay was performed. Gelatin zymography 
specifically detects the presence of members of the matrix 
metalloproteinase (MMP) family of proteins, which degrade 
the ECM, thereby promoting angiogenesis and metastasis. 
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The assay was performed using either 1) lysates derived 
from tumor tissue or 2) conditioned media in which the 
tumor cells or tissue were maintained. Protein samples 
for analysis were generated from isolated subcutaneous 
tumors by dissolving the tumor tissue in a detergent lysis 
buffer [50mM Tris-Cl, (pH 8.0), 150mM NaCl, 0.05% NP-40, 
lOOmM NaF , ImM EDTA, ImM EGTA, 0.08mM PMSF, O.Olmg/ml 
leupeptin, O.Olmg/ml aprotinin, 1 umg/ml" peps tat in A] . 
Protein samples for analysis were also generated from 
tumor cell conditioned media concentrated by 
centrifugation through Microcon® YM-10 centrifugal filter 
devices. The protein concentration of samples composed of 
either tumor cell lysate or concentrated, conditioned 
media derived from the various tumor cell cultures was 
determined by standard protein assay (Bio-Rad, Hercules, 
CA) . Protein samples were then normalized for equal 
protein concentrations . 

Protein samples (10 ug) were subjected to substrate 
gel electrophoresis with modifications. Briefly, protein 
samples normalized for protein concentration were applied, 
under non-reducing conditions, to 10% polyacrylamide slab 
gels impregnated with lmg/ml gelatin (DIFCO) . After 
electrophoresis, the gel was washed at room temperature 
for 30 minutes in washing buffer [50 mM Tris-Cl (pH 
7.5),5mM CaCl 2 , ImM ZnCl*, 2.5% Triton X-100] and then 
incubated overnight at 37°C, with gentle agitation, in 
washing buffer containing 1% Triton X-100. The gels were 
stained with a solution of 0.1% Coomassie brilliant Blue 
R-250. Clear zones in the gel are indicative of the 
presence of gelatinolytic activity contained in a given 
protein sample. The gelatinolytic activity was 
quantitated by densitometric scanning and analysis 
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To further evaluate the role PTEN plays in regulating 
the expression of factors that promote angiogenesis and 
invasiveness of glial tumors, Matrigel® invasion assays 
were also performed. Matrigel® invasion assays are a 
standard procedure used to characterize the metastatic 
potential of cells, based on the ability of such cells to 
degrade the Matrigel® extracellular matrix (ECM) . 
Matrigel® is a commercially available mix of basement 
membrane components, generated from an EFS sarcoma, which 
includes basic components of the basement membrane such as 
collagens, laminin, and proteoglycans, as well as matrix 
degrading enzymes, their inhibitors, and growth factors. 
Invasion of tumor cells into Matrigel® has been used to 
characterize involvement of matrix-degrading enzymes which 
play important roles in tumor progression and metastasis 
(Benelli and Albini, 1999). 

The assay was performed as follows: Matrigel® 
(Becton-Dickinson) was thawed overnight at 4°C on ice and 
diluted to 1 mg/ml in serum- free DMEM. 50 yl of the 
diluted Matrigel® was added to the upper chambers of a 24- 
well Trariswell® plate ( 0 . 8 urn pore size, Costar) . The 
upper chambers were then incubated at 37 °C for 6 hours to 
facilitate solidification of the gelatinous matrix. U87 
glioma cells were harvested from tissue culture flasks by 
0.04% Trypsin/EDTA and washed three times with serum-free 
DMEM to remove trace amounts of sera. Cells were 
resuspended in serum-free DMEM at a density of 5 x 10 5 
cells /ml, 2 00 ul of which was added to upper chambers 
coated with solidified Matrigel®. The lower chambers of 
the Transwell® plate were filled with 600 ul of DMEM 
containing 5ug/ml fibronectin, which served as a soluble 
attractant and adhesive substrate. Transwell® plates were 
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incubated at 37°C for 36 hours to facilitate migration of 
U87 cells from the upper chambers into which they were 
seeded to the lower chambers. Following this incubation 
time, the upper chambers were removed and stained with 
5 0.1% crystal violet solution to visualize the cells. 

Cells that failed to migrate to the underside of the 
porous membrane that separates the top and bottom chambers 
of the Transwell® were removed by scraping the topside of 
the membrane with a cotton- tipped swab. Cells that had 

10 successfully migrated through the Matrigel® to the 

underside of the porous membrane were characterized as 
invasive cells and counted under 100' x magnification. 

An in vivo study of experimental metastasis following 
orthotopic introduction U87 glioma cells into the nude 

15 mouse brain was also undertaken. U87MG cells were 

introduced into the circulatory system of a mouse via the 
injection of cells into the intracarotid artery. Each 
mouse was anesthetized by intraperitoneal injection of 
Nembutal and restrained on a cork board equipped with 

2 0 fixed rubber bands that were used to wrap around the teeth 

of the upper jaw, thereby immobilizing the head. Under a 
dissecting microscope, the hair over the trachea (if a 
mouse species having hair was used) was shaved, the neck 
was prepared for surgery with betadine, and the skin cut 

2 5 by a mediolateral incision. After blunt dissection, the 

trachea was exposed and the muscles separated to expose 
the right common carotid artery, which was then separated 
from the vagal nerve. Further dissection was then 
performed to reveal the internal and external carotid 

30 arteries. The common carotid artery was prepared for 

injection distal to the point of division between the 
internal and external carotid arteries. Briefly, a 



j 
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ligature of 5-0 silk suture was placed in the distal 
portion of the common carotid artery and a second ligature 
was positioned and tied loosely proximal to the injection 
site of the internal carotid artery. A sterile cotton tip 
5 applicator was inserted under the artery just distal to 

the injection site to elevate the artery. This procedure 
controlled bleeding from the carotid artery by 
"regurgitation from distal vessels. The artery was nicked 
with a pair of microscissors, and a plastic cannula (<30 

10 gauge) was inserted into the lumen and threaded forward 

into the internal carotid artery. Wild type cells or 
cells expressing the various mutants of PTEN, G129R, 
G129E, R130M, (1 x 10 6 in 10 pi) resuspended in PBS were 
injected slowly into the artery, after which the cannula 

15 was removed. The second ligature was then tightened and 

the incision in the skin sealed with surgical clips. 

Following completion of the surgery, mice were placed 
in clean cages equipped with heating sources to maintain 
their body temperature. The mice were then monitored 

20 until they recovered from the effects of the anesthesia 

and returned to the care of the animal facility. 
Deleterious systemic effects associated with brain 
lesions, such as cachexia, listlessness, and protrusion 
of the right bulb were monitored. Mice were sacrificed 

2 5 when moribund. Brains were removed and fixed in 10% 

formaldehyde for H&E staining and in OCT for frozen 
sections . 

Cell lysates obtained from U87 cells grown in tissue 
culture or from multiple cryostat sections of U87MG 

3 0 subcutaneous tumor tissues were also run on gels and 

analyzed by Western blotting. A Bradford assay was 
performed to determine protein concentration of each 



lysate. Equivalent amounts of protein were resolved by 
SDS PAGE and transferred to nitrocellulose. Membranes 
were probed with antisera specific for PTEN, AKT, phospho- 
AKT or TIMP-3. The RNAase protection assay (RPA) was 
performed using a RPA III kit from (Ambion) according to 
the manufacture specifications. Briefly, 20 ug of total 
RNA was precipitated and resuspended in 10 pi of 
hybridization buffer containing specific radioactive 
probe. The RNA was then heated to 95°C for 10 min and 
hybridized for 16 hours at 42°C. 150 ul of this mixture 
was treated with 1:100 dilution of RNAase in RNAase buffer 
for 30 minutes. The RNAase was inactivated and the RNA 
was reprecipitated and resolved on 5% acrylamide gel. RNA 
probes were synthesized using MAXI Script utilizing PCR 
templates and T7 polymerase. The GAPDH probe was provided 
in the kit as an internal control. The TIMP-3 probe 
represented a 590 nucleotide sequence located in the 3' 
UTR of the TIMP-3 sequence. All probes were sequenced. 

Microvessel density (MVD) was determined for each 
brain tumor as described in Example I by CD31 staining, 
performed on cryostat sections (7 pm) / fixed in acetone, 
blocked in 1% goat serum and stained with anti-CD31 
antibody (Pharmingen, #01951D) . Antibody staining was 
visualized with peroxidase-conjugated anti-mouse antibody 
and counter stained with hematoxylin. A negative control 
was performed on each tumor tissue stained with mouse IgG. 
Two sections from each tumor were scanned under low power 
magnification (40X) to identify areas of highest CD31 
positive vessel density (Weidner et al. 1991), followed by 
digitization of 5 fields from this area. The digitized 
images representing one lOOx field were counted for the 
number of CD31 positive vascular elements. Data was 
collected independently by two researchers in a blind 
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study. The average number of microvessels per digitized 
lOOx field was determined for 5 tumors per experimental 
group and analyzed by Student's t-test. 

The data obtained thus far indicated that the anti- 
angiogenic activity of PTEN can be correlated matrix 
remodeling and degradation. We used the RNAase protection 
assay (RPA) to confirm the effect of PTEN on TIMP-3 
expression. RPA was performed with a TIMP-3 specific 
probe in U87MG cells constitutively expressing wild type 
PTEN or G129R PTEN. The data demonstrated that wild 
type, but not mutant PTEN expression induced TIMP-3 
expression in U87 cells. Thus, PTEN positively modulates 
the expression of TIMP-3, a negative regulator of matrix 
metalloproteinases (Figure 6). These data reveal a novel 
mechanism through which PTEN regulates angiogenesis and 
extracellular matrix remodeling via the induction of TIMP- 
3 and suppression of matrix metalloproteinase levels. To 
confirm this observation, matrix metalloproteinase 
activity in PTEN null and wild type PTEN reconstituted 
tumors (Figure 7), was examined by performing reverse 
zymography for collagenolytic activity. Consistent with 
the finding that PTEN induced TIMP-3 expression in U87 
tumor cells, it was apparent that wild type PTEN 
reconstitution suppressed MMP-9 activity with no effect 
upon MMP-2 activity (Figure 7) (Oh et al . 1999; Rao et al . 
1994) . 

To determine the role PTEN play is tumor cell 
invasion, PTEN deficient and PTEN reconstituted glioma 
cells were evaluated for their capacity to invade and 
migrate through a matrigel coated membrane. PTEN 
reconstitution was observed to completely abrogate 
invasion of U87 tumor cells through matrigel (Figure 8). 
Adhesion and migration on matrigel remained intact in PTEN 
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kinase and PIP-3 dependent signaling. Accordingly, PI-3 
kinase inhibitors, such as LY294002, should be efficacious 
in blocking matrix degradation, invasion and metastasis of 
tumors in vivo. Finally, since these pathways are also 
important in wound healing, the data provide the first 
mechanistic link between PI-3 kinase signaling pathways 
and PTEN signaling pathways in the control of wound 
healing and wound associated angiogenesis . 



EXAMPLE III 

Inflammatory signaling downstream of Fc receptor 
activation is modulated by agents that alter tyrosine 
kinase and phosphatase activity 

Fc gamma receptor mediated phagocytosis is a model 
for immunoreceptor (ITAM) signaling and involves the 
activation of protein tyrosine kinases and protein 
tyrosine phosphatases. Relatively little is known of 
role of lipid phosphatases in control of ITAM signaling ^ 
and inflammation. We used phagocytic J774A.1 cells and a 
heterologous C0S7 cell system to examine the roles played 
by Src family of protein tyrosine kinases, Syk and PI-3 
kinase and protein tyrosine phosphatase, PTEN in signal 
transduction pathway leading to Fey receptor mediated 
phagocytosis. Heterologous expression of dominant 
negative Syk in J774A.1 cells significantly inhibited 
phagocytosis of sensitized sRBCs and preincubation of the 
cells with the Src specific protein tyrosine kinase 
inhibitor, PPl, and PI-3 kinase inhibitor, Wortmannin, was 
shown to inhibit this response. Stimulation of J774A.1 
cells with sensitized sRBCs induced tyrosine 
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reconstituted U87MG cells (data not shown) . Importantly, 
the data provided the first direct evidence that PTEN 
controls matrix degradation and the invasive behavior of 
tumor cells in vivo, and suggest that PTEN as well as PI -3 
kinase inhibitors will suppress tumor invasion and the 
metastatic phenotype in vivo. 

The data described above clearly demonstrate that 
"mutations" in" the~ "PTEN tumor -suppressor - in U87 glioblastoma 
cells resulted in the loss of normal physiologic control 
of matrix remodeling and invasion. Furthermore, analysis 
of the data revealed that PTEN exerts its effect at the 
level of TIMP-3 expression and control of MMP-9 matrix 
metalloproteinase activity. The results, therefore, 
implicate PI-3 kinase and other downstream targets of PTEN 
such as AKT, in the control of metastasis and invasion of 
tumor cells. The U87 brain tumor model therefore provides 
an ideal assay system to identify agents that negatively 
and/or positively regulate the activities of PTEN or other 
signaling molecules in the pathway such as VEGF, or bFGF, 
etc. which control matrix degradation in vivo. Finally, 
the results provided the first direct evidence that PTEN 
controls the capacity of a tumor to degrade the 
extracellular matrix in vivo. As mentioned previously, 
PTEN possesses lipid phosphatase activity which 
preferentially dephosphorylates phosphoinositides at the 
D3 position of the inositol ring. To date, PTEN is only 
one of two enzymes reported to have this activity. 
Reconstitution of PTEN in tumor cells that carry mutations 
in the PTEN gene, have established that this phosphatase 
regulates the PI-3 kinase-dependent activation of AKT, a 
major player in cell survival. This observation indicates 
that PTEN may function as a direct antagonist of PI-3 
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phosphorylation of Cbl^ which was inhibited significantly 
by PP1 and to some extent by heterologous expression of 
dominant negative Syk implicating Src and syk in the 
phosphorylation of Cbl in phagocytic signal transduction. 
The heterologous overexpression of PTEN completely 
abrogated the phagocytosis of IgG sensitized sheep red 
blood cells (sRBCs) compared to catalytically inactive 
mutant of PTEN. These data provide the first evidence 
that PTEN, a tyrosine phosphatase, is involved in the 
regulation of Fey receptor mediated phagocytosis and the 
regulation of immunoreceptor tyrosine based activation 
motif (ITAM) based signaling events in hematopoietic 
cells . 

Overexpression of a catalytically dead PTEN 
phosphatase resulted in augmented phosphorylation of AKT 
and augmentation of phagocytosis and ITAM signaling. 
These results show that activating signals provided by Src 
family kinases, Syk and PI-3 kinase are opposed by 
inhibitory signals through PTEN in the control of Fey 
receptor mediated phagocytosis. Thus, PTEN agonists and 
PI-3 kinase inhibitors should provide potent anti- 
inflammatory and immunosuppressive agents to control 
downstream signaling events mediated by ITAM linked 
receptors found in hematopoeitic cells (e.g., T cell 
receptor, B cell receptor, Fc receptors and collagen 
receptor VI) . Such agents should also exert potent 
control over the immune responses mediated through T 
cells, B cells, myeloid cells including macrophages, 
neutrophils, dendritic cells, monocytes, mast cells and 
platelets by preventing their activation and subsequent 
modulation of unwanted immune reactivity and platelet 
aggregation which contribute to a number of human 
diseases . 



The following methods and materials are provided to 
facilitate the practice of Example III. 

Anti-Cbl antibody was obtained from Santa Cruz 
Biotechnology, Santa Cruz, CA. Anti-Syk antibody was 
provided by Dr. Tamara Hurley (The Salk Institute, San 
Diego, CA) and anti-PTEN antibody was generated by 
immunizing rabbits with an N- terminal peptide of PTEN. 

- J774A.1, a macrophage-like cell line, and Cos 7 cells - 
were obtained from the ATCC. Both cell lines were 
maintained in DMEM supplemented with 10% fetal calf serum 
(FCS) . Recombinant vaccinia virus vectors were provided 
by Dr. Bernard Moss (National Institutes of Health, 
Bethesda, MD) . The dominant negative Syk vaccinia 
construct (encoding the amino terminal residues 1-255 of 
Syk) which also encodes beta-galactosidase was provided by 
Dr A. Scharenberg (Sharenberg et al . , (1995) Embo J. 
14:3385). Recombinant vaccinia viruses containing PTEN 
and dominant negative Syk were prepared as described 
below. 

Briefly, recombinant vaccinia viruses were propagated 
in 149B cells grown in RPMI medium containing 10% FCS. A 
confluent culture of cells was infected with recombinant 
vaccinia virus at a concentration of 0.5 pfu/cell for 48 
h. The cells were scraped from the plastic in the same 
medium, centrifuged to generate a cell pellet, and 
resuspended in 5 ml of 10 mM Tris-HCl (pH 9) . The cells 
were lysed by three cycles of freezing in liquid nitrogen 
and thawing at 37°C, after which the volume of the cell 
lysate was adjusted to 20 ml with 10 mM Tris-HCl (pH 9) in 
preparation for mechanical lysis step provided by forty 
strokes in a homogenizer. Nuclei and cell debris were 
separated from the cell lysate by centrifugation at 1,000 
rpm for 5 min. The cell lysate containing the recombinant 
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vaccinia virus was then subjected to sonication for 1 min 
with 50% output and a 30% duty cycle. The cell lysate 
was loaded on a cushion of 36% sucrose solution and 
centrifuged at 13,000 rpm for 80 min 4°C in an 
ultracentrifuge (Beckman, Palo Alto, CA) using a SW.28 
rotor. Viral pellets obtained were resuspended in 1 ml 
of 10 mM Tris-HCl (pH 9) and loaded onto a sucrose 
gradient "composed of "6.6 ml each of 40%, 36%, 32%, 28% and 
24% of sucrose solutions made in 10 mM Tris-HCl (pH 9) to 
be centrifuged at 12,500 rpm for 50 min at 4°C in an 
ultracentrifuge using a SW.28 rotor. A bluish white ring 
containing purified virus was collected and diluted with 
10 mM Tris-HCl (pH 9) prior to a final centrif ugation at 
13,000 rpm for 60 min at 4°C in an ultracentrifuge using a 
SW.28 rotor to pellet the virus. Purified recombinant 
vaccinia virus thus obtained was suspended in 10 mM Tris- 
HCl (pH 9) and titered as followed. An aliquot was used 
for generating serial dilutions of the concentrated viral 
suspension. The serial dilutions were used to infect a 
confluent lawn of 149B cells grown in 35 mm wells for 2h 
at 37°C in 1 ml of RPMI medium containing 10% FCS. The 
medium was then replaced with 3 ml of fresh RPMI medium 
containing 10% FCS. The medium was discarded after 24 
hours incubation and viral plaques were visualized by 
staining with crystal violet to titer the virus. 

A DNA construct encoding the catalytically dead trap 
mutant of PTEN, C124S, was kindly provided by Nicholas 
Tonks (Cold Spring Harbor Laboratory, Cold Spring Harbor, 
NY) . This mutant The PTEN insert was amplified by PCR 
using the following 5' and 3' primers: 5 ' GG-GTC-CAC-ATG- 
ACA-GCC-ATC-ATC-AAA-GAG ' 3 ' forward primer and 5 ' -GG-TCT- 
AGA-TCA-GAC-TTT-TGT-AAT-TTG-TGA' 3 ' reverse primer , 
respectively. The amplified product was subcloned into 
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the PCR2.1 vector for propagation using the TA cloning kit 
(Invitrogen, San Diego, CA) , and the PTEN insert was 
cleaved from the vector by digestion with Smal and Sail 
and subsequently ligated into a linearized recombinant 
vaccinia vector pSC65 to generate pSC65-PTEN. The 
construct C2pSC65 was used to make a recombinant vaccinia 
virus using the packaging cell line CVl and the wild type 
vaccinia virus. Recombinant virus was isolated from wild 
type virus by single plaque purification, and then 
amplified, purified, and titered as described above. 

J774A.1 phagocytic cells were plated at 2 X 10 5 cells 
per well in a twelve well plate (Costar, Corning, NY) and 
cultured overnight. Cells were infected with recombinant 
vaccinia virus pSC65 or pSC65-PTEN at a density of 2 
pfu/cell for 4h at 37°C in 5% C0 2 . The media was changed 
after 4 hours and the cells were incubated with sheep red 
blood cells coated with IgG at a subagglutinating 
concentration. The target to effector ratio was 100:1. 
The cells were harvested after 2hours, and cytospins were 
prepared, fixed, and stained with Wright Giemsa stain 
(Dade, AG, Switzerland) . Stained slides were evaluated 
microscopically for rosette formation. The remaining 
uningested sRBCs were subjected to lysis by osmotic shock 
in water. The cells were suspended in DMEM medium 
containing 20% FCS . The cells were spun down on glass 
slide and fixed and stained by Wright Giemsa stain. A 
minimum of one hundred and fifty cells were counted for 
each slide and the phagocytic index was calculated as 
follows: Phagocytic Index (PI) = % of phagocytic cells x 
average number of sRBCs engulfed by each cell. 

In the drug inhibition studies, the cells were 
subjected to treatment with an indicated inhibitor at 
different concentrations along with an appropriate DMSO 



control for 1 hour in DMEM with 10% FCS before carrying 
out the phagocytic assay. 

Assays to detect p-galactosidase activity were 
performed as follows: cells (1 X 10 5 ) were suspended in 
400 yl of DMEM containing 10% FCS to which 50 yl of 1% X- 
gal (Sigma, St. Louis, MO) was added. Subsequent incubation 
at 37°C facilitates (J-galactosidase activity which is 
indicated by acquisition of a blue color by the reaction 
mixture. The reaction mixture was diluted 1:10 and the 
optical density was measured at 595 nm in a 
spectrophotometer (Molecular Devices, Menlo Park, 
California) . 

J774A.1 cells and COS7 cells (2 X10 5 ) infected with 
recombinant viruses expressing either dominant negative 
Syk or PTEN were lysed in 50 yl of sample buffer. The 
lysates were resolved by SDS-PAGE, transferred to a solid 
matrix support, and probed to assess protein expression 
with specific antibodies. 

J774A.1 cells were infected with recombinant vaccinia 
virus at the concentration of 2 pfu/ml for 4 hours. The 
infected cells were then pelleted by centrifugation, and 
resuspended at a concentration of 2 X10 6 cells per ml in 
DMEM to be stimulated with IgG coated sRBCs at 37°C for 5 
min. The samples were pelleted at 500 x g in a 
refrigerated centrifuge and the resultant cell pellet was 
lysed as described earlier and analyzed following 
immunoprecipitation with specific antibodies. 

Dominant negative Syk inhibits phagocytosis 

In order to investigate the role played by the 
nonreceptor tyrosine kinase Syk in IgG mediated 
phagocytosis, a dominant negative mutant form of Syk was 



expressed in J774A.1 cells utilizing recombinant vaccinia 
virus as a means of transmission. This Syk mutant 
encodes a truncated form of Syk which comprises the tandem 
SH2 domains, but excludes the catalytic domain. As a 
result of this mutation, the protein behaves as a dominant 
negative mutant by binding to the ITAMs of the FcyR 
subunit, thereby blocking the interaction of the 
endogenous catalytically active Syk with these "sites. The 
results demonstrated that the expression of dominant 
negative Syk in J774A.1 cells inhibited phagocytosis of 
IgG coated sRBCs (Figure 9A) . In contrast, J774A.1 cells 
infected with empty vector recombinant vaccinia virus, as 
a control, engulfed sensitized sRBCs normally. The 
expression levels of dominant negative Syk in infected 
cells was evaluated by Western analysis using antibodies 
specific for Syk (Figure 9B, lane 3) . To ensure that the 
inhibitory effect on phagocytosis was specific to the 
expression of dominant negative Syk, and not a consequence 
of differential levels of viral infection, infected 
J774A.1 cells were assessed for viral load. Since the 
pSC6.5 plasmid, into which the dominant negative Syk was 
cloned, also contained the gene encoding p-galactosidase, 
this enzyme was used as an internal control for viral 
expression levels. Briefly, p-galactosidase activity can 
be quantified colorimetrically as indicated by the 
appearance of a colored product following cleavage of the 
substrate X-gal. In every experiment, the levels of 
recombinant viral load were equivalent to those of control 
cells (infected with empty vector recombinant vaccinia 
virus) and experimental cells (infected with vaccinia 
virus containing dominant negative Syk; data not shown) . 

As an additional control to evaluate the specificity 
of the inhibition observed after expression of dominant 
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negative Syk, the capacity of J774A.1 cells to form 
rosettes via the FcyR was examined following infection 
with different viruses. Cells infected with empty vector 
recombinant vaccinia virus and cells infected with 
vaccinia virus containing dominant negative Syk displayed 
100% rosette formation within 1 minute of addition of 
sensitized sRBCs; these data indicated that neither the 
cell surface expression level of FcyRs nor their binding 
capacity for sRBC targets was affected by infection with 
recombinant vaccinia virus alone (data not shown). 
Notably, rosette formation and phagocytosis did not occur 
in the absence of sensitizing antibody against sRBCs, 
thereby further underscoring the specificity of these 
responses. These data using dominant negative Syk were 
consistent with other data in the literature, including 
those derived from Syk knockout mice (Crowley, M. , et al . , 
(1997) J. Exp. Med. 186:1027), which strongly support a 
role for Syk in propagating signals required for IgG 
mediated phagocytosis in the J774 system. 

Src and PI-3 kinase are required for phagocytosis of IgG 
coated sRBCs by J774A.1 cells 

Recent evidence from Hck, /Lyn/Fgr knockout mice 
suggests that members of the Src family of nonreceptor 
protein tyrosine kinases function upstream of Syk and PI-3 
kinase in IT AM signaling (Crowley et al., 1997, supra). 
To examine the role of Src in FcyR-mediated phagocytosis, 
J774 cells were treated with different concentrations of 
PP1 (1, 5, or 10 uM; Calbiochem, La Jolla, California), a 
Src family tyrosine kinase inhibitor, wortmannin ( 1 or 5 
ug/ml), an inhibitor of PI-3 kinase (LY294002), or DMSO as 
a control. Briefly cells were treated with the above 
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reagents for 1 hour in DMEM supplemented with 10% FCS and 
then sensitized sRBCs were added at a target to effector 
ratio of 100:1. As shown by Figure 10A, PPl inhibited 
phagocytosis in a dose dependent manner and completely 
abrogated phagocytosis at a 10 ]M concentration. As shown 
in Figure 10B, 5 yg/ml wortmannin also mediated 
significant inhibition of phagocytosis- These 
- observations -implicate the Src kinase family and PI-3 
kinase in IgG-mediated phagocytosis of sRBCs by J774A.1 
cells. 

Effect of dominant negative Syk and Src inhibitor, PPl, on 
tyrosine phosphorylation of Cbl in response to stimulation 
with sensitized sRBCs 

It is well known that Fey receptor crosslinking 
induces the tyrosine phosphorylation of the adapter 
protein, Cbl (Park, R.K., et al . , (1996) J. Iiranumology 
160:5018). To determine if phagocytic signaling events 
lead to the phosphorylation of Cbl, the degree of Cbl 
phosphorylation was assessed before and after induction of 
phagocytosis. To investigate the role of specific kinases 
in this phosphorylation event, dominant negative Syk and 
the Src family kinase inhibitor PPl were utilized to 
inhibit the activity of these enzymes. The results 
demonstrated that Cbl was phosphorylated on tyrosine 
residues following induction of phagocytosis and this 
phosphorylation event was abrogated by PPl (Fig. 11A and 
11B, compare lanes 2-3 to 5-6) . This effect was dose 
dependent (data not shown) , as was the effect of PPl on 
inhibition of Fey receptor-mediated phagocytosis (Fig. 
11A) . Interestingly, dominant negative Syk inhibited Cbl 
tyrosine phosphorylation to a lesser extent but completely 



abrogated the phagocytic response. Interestingly, both 
PP1 and dominant negative Syk suppressed the basal 
tyrosine phosphorylation levels of Cbl in vivo. These 
data suggested that the catalytic activity of the Src 
family kinases and the capacity of Syk to dock with the 
IT AM receptor were both required for Cbl phosphorylation 
in response to phagocytic stimuli and that these two 
events were required for phagocytosis. The dominant 
negative Syk would not be expected to alter the upstream 
activity of Src family kinases and hence Src mediated 
phosphorylation of Cbl was not altered to the same extent. 
The data provided support for a signaling cascade in which 
Syk functions downstream of Src and upstream of Cbl and 
other effectors associated with Cbl such as the p85 
subunit of PI-3 kinase. The data demonstrated that Src 
family kinases mediated the phosphorylation of Cbl in a 
Syk kinase independent manner in vivo. The data also 
revealed that Src family kinases and Syk were required for 
phagocytosis mediated by the downstream activation of PI-3 
kinase. 

Of note, more recent data identified the tyrosine 
residue at position 731 of Cbl as a consensus binding site 
(YxxM) for the p85 regulatory subunit of PI-3 kinase. 
Upon phosphorylation, this motif was recognized as a 
target for PTEN (data not shown) . Hence, PTEN plays a 
signaling role in regulation of ITAMs action on PI-3 
kinase to control IT AM signaling events. 

Overexpression of PTEN in C0S7 system inhibits FcyRUA 
ITAM signaling 

Since tyrosine kinases are required for phagocytosis 
and lead to the activation of PI-3 kinase which 
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phosphorylates phospholipids that act as second 
messengers, dephosphorylation of such phosphoinosi tides 
may serve a role to downregulate this response. To 
address this issue, J774A.1 and C0S7 cells were 
genetically engineered to overexpress the dual specificity 
phosphatase PTEN, which is known to dephosphorylate PIP3, 
a critical phosphoinositide second messenger. 
Overexpression of PTEN in C0S7 cells markedly inhibited 
phagocytosis of IgG coated sRBCs (Figure 12). PTEN 
expression reduced the phagocytic index (Figure 12) by 95% 
as compared to that of control cells. In contrast, the 
C124S mutant of PTEN, which is catalytically dead and can 
act as a substrate trap, augmented the phagocytic index by 
a factor of 2.5. See Figure 12. The green bars represent 
the percent of the total cell population which was 
phagocytic for at least one sRBC. These results 
demonstrated that PTEN negatively regulated IgG-mediated 
phagocytosis and that the catalytic activity of PTEN was 
required for this suppression. 

These data provide further evidence for the role of 
PTEN in the regulation of ITAM-mediated signaling in a 
variety of signal transduction cascades essential for the 
propagation of the inflammatory response in T cells, B 
cells and myeloid cells. Accordingly, such biological 
processes provide the basis for methods for screening and 
identifying therapeutic agents which regulate these 
inflammatory responses. 

Our observations suggest that the protein tyrosine 
kinases, Hck and Syk and PI-3 kinase are activated during 
FcyR mediated phagocytosis. Stimulation of macrophage 
cells with IgG coated particles activates FcyRs, FcyRl and 
FcyRIH i n turn activate Hck/Src kinase which 
phosphorylates tyrosine in the ITAM motif in gamma chain 
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associated with these receptors. This provides a site 
for attachment and activation for Syk, which would 
activate the pathway downstream leading to subsequent 
activatation of Pl3-kinase which is needed for proper 
cytoskeletal assembly. On the other hand aggregation of 
FcyRIIB stimulates phosphorylation of tyrosine in its ITIM 
motif to provide a site of attachment and activation for 
phosphatases like PTEN and SHIP which in turn- regulate the 
pathway downstream. Consistent with our data using 
wortmannin, the 5' inosi tide phosphatase, SHIP, serves as 
a negative regulator of AKT phosphorylation and controls 
FcyR phagocytosis. Maeda et.al have provided evidence 
for the existence of two opposite signaling pathways upon 
aggregation of paired immunoglobulin receptors PIR-A and 
PIR-B (Maeda et al . (1998) J. of Exp. Med. 188:991) PIR- 
A induces the stimulatory signal by using ITAM in the 
associated y chain while PIR-B mediates the inhibitory 
signal through its ITIM. Our results are consistent with 
the model that during Fey receptor mediated phagocytosis 
in J774A.1 mouse macrophages the FcyRI and FcyRIH utilize 
the ITAM motif to send a positive signal inside the cell 
for phagocytic pathway; whereas FcyRIIB controls the 
pathway by starting a negative regulatory loop via the 
ITIM motif through PTEN. Accordingly, Syk and Src 
inhibitors should suppress ITAM immunoreceptor signaling 
and control inflammation in concert with PI-3 kinase 
antagonists. It is also likely that synergy will exist 
when agents which inhibit more than one ITAM pathway are 
combined in humans . 

In summary, the data support the involvement of Syk, 
Src family kinases and phosphatidyl inositol 3 -kinase in 
positive regulation of Fey receptors mediated phagocytosis 
in our system. Described herein is the first evidence 
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for the involvement of the protein/ lipid phosphatase, PTEN 
in the negative regulation of phagocytosis and IT AM 
signaling. These data provide the basis for screening and 
identification of therapeutic agents that modulate PTEN, 
5 PI-3 kinase or the signaling pathways downstream of PI-3 

kinase (PDK-1, PAK, AKT, forkhead, etc) . Inhibitors of 
ITAM propagated signals (e.g., 1) T cell receptor/CD3 
complex signaling in T cells; 2) B cell receptor signaling 
in B cells; 3) ITAM receptor signaling including Fey 

10 receptors which mediate myeloid inflammatory diseases 

through the production of inflammatory cytokines, TNFa, 
IL-1, IL-4 etc.; 4) the FCeRI receptor in mast cells 
responsible for atopic disease and allergy; and 5) the 
FcaRI involved in mucosal allergic responses) should 

15 effectively regulate the immune response pathway. Hence 

PTEN agonists and PI-3 kinase inhibitors should 
effectively modulate immunopatho logic states in animals. 
Likewise Syk and Src kinase inhibitors should effect ITAM 
myeloid signaling. 



EXAMPLE IV 

PTEN AND PI-3 KINASE SIGNALING CASCADE REGULATES p53 AND 
TUMOR- INDUCED ANGIOGENESIS 

25 

As described in Examples I, II and III, PTEN 
regulates the tumor-induced angiogenic response and 
thrombospondin expression in a malignant glioma model. A 
recent report by Sabbatini et al suggests a connection 
30 between the PI-3 kinase cascade and the regulation of p53 

signaling (Sabbatini, 1999; J. Biol. Chem. 274:24263). 
Activation of PI-3 kinase/AKT pathways results in the 
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suppression of p53 dependent apoptotic pathways giving 
rise to conditions that are permissive for cell division. 
.These data suggest a molecular mechanism for the 
coordination of signals coming from growth factor 
receptors through PI-3 kinase cascades which would jointly 
regulate apoptosis, proliferation and recruitment of a new 
blood supply (neovascularization/angiogenesis) . This 
signaling pathway appears to be tightly regulated in 
normal tissues. During malignant transformation, this 
coordinated regulation of cellular signaling is lost. In 
the present example, we demonstrate that PTEN plays a role 
in coordinating these signaling events within the cell. 
We also show that loss of PTEN leads to deregulation and 
tumor progression. Bearing in mind the link between PTEN 
phosphatase activity and PI-3 kinase signaling pathways, 
we performed assays to determine whether PI-3 kinase 
inhibitors were capable of reestablishing this regulatory 
feedback system thereby restoring normal coordination of 
cell growth and angiogenesis . 

Thrombospondin 1 (TSP-1) , angiostatin, endostatin, 
tissue inhibitors of metalloproteinases (TIMPs) are potent 
inhibitors of angiogenesis (Dameron, et al.,(1994) Science 
265:1582; Good et al., (1990) PNAS 87:6624). Malignant 
brain tumors are known to undergo a more robust angiogenic 
response as compared to their benign low-grade 
counterparts, and are classified histopathologically by 
the presence or absence of high microvessel counts 
(microvessel density) (MVD) . Regulation of PI-3 kinase- 
dependent signals, including activation of AKT by Vascular 
Endothelial cell Growth Factor and its receptors, the 
protein tyrosine kinases Flt-1 and KDR, have been 
implicated in brain tumor angiogenesis (Plate et 
al.,(1992) Nature 359:845). Jiang et al demonstrated in 
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the chicken chorioallantoic membrane model that PI-3 
kinase-dependent pathways may regulate angiogenesis and 
VEGF expression in endothelial cells (Jiang et al . , (2000) 
PNAS 97:1749) . Immunohistochemical studies in prostate 
tumor specimens have demonstrated that tumors containing 
PTEN mutations have higher microvessel counts than tumors 
expressing wild type PTEN (Giri et al., (1999) Hum. 
Pathol. 30:419) . 

To test the hypothesis that PTEN is connected to p53 
transcription we performed experiments in U87MG glioma 
cell lines which are wild type for p53 and deficient in 
PTEN. We conditionally expressed in these U87MG cells, 
wild type PTEN or catalytically defective mutants of PTEN 
to determine if PTEN regulates p53 transcription. We then 
performed experiments with the PI-3 kinase inhibitor using 
the parental U87MG cells to determine if LY294002 control 
over PIP 3 metabolism would prevent tumor growth and block 
angiogenesis in vivo. 

The following protocols are provided to facilitate 
the practice of Example IV. 

The constructs and encoding the PTEN mutants have been 
previously described in Example I. Tumor implantation 
methods are also provided in the previous examples. 

Treatment of mice with LY294002o 

LY294002 was administered at a dosage of 100 mg/kg 
delivered daily by intraperitoneal injection in a small 
volume of 100% DMSO for 2 weeks, beginning 2 days after 
tumor implantation. No untoward effects were noted in 
mice treated with either LY294002 or DMSO. Control mice 
were injected with small volume (10 ml) of 100% DMSO. 



Daily measurement of tumor volume was performed in 3 
coordinates using calipers. 

Biochemical analysis. 

Immunoblots were performed on cell lysates obtained 
from U87 cells grown in tissue culture or from multiple 
cryostat sections of subcutaneous tumor tissues. A 
Bradford assay was performed to determine protein 
concentration of each lysate. Equivalent amounts of 
protein were resolved by SDS PAGE and transferred to 
nitrocellulose. Membranes were probed with antisera 
specific for PTEN, AKT, phospho-S473-AKT . We used a well 
characterized mdm2 promoter linked to firefly luciferase 
(mdm21uc inserted into the pGL2 vector) that contains p53 
DNA binding elements (Ouchi et al., (1998) PNAS 95:2302) 
to study p53 specific transcription in U87 cells under 
muristirone induced PTEN expression conditions. Another 
construct, pGL2 , contained the mdm21uc promoter which is 
deleted for p53 response element was used as a negative 
control. Cells were cotransf ected with pRSV(3gal to 
normalize mdm2 luciferase activity for transfection 
efficiency. The Tropix-galacto-light kit* and Promega 
luciferase assay system was used to quantitate (3- 
galactosidase and luciferase activity, respectively. 

Immunohistochemical and histopathology . 

Microvessel density (MVD) was determined for as 
described in the previous examples . 

Results 

The previous examples demonstrated that the 
muristirone inducible expression of PTEN in U87 cells 
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results in increased levels of thrombospondin 1 
expression, a negative regulator of angiogenesis . In the 
present example, we demonstrate that wild type PTEN 
suppressed the activation of phospho-AKT without affecting 
total AKT (Figure 13) . The induced expression of mutant 
G129R had no effect on phosphoAKT (Figure 13). The data 
presented in the previous examples indicate that PTEN may 

regulate- angiogenesis -through the induction of - TSP.--.1 One 

transcription factor that upregulates TSP-1 is the tumor 
suppressor protein p53 (Dameron, (1994) Science 265:1582). 
We sought to determine if there was a link between PTEN, 
TSP1 and p53 . 

The data presented herein demonstrate that PTEN 
regulates p53 transcription (Figure 14) . The induction of 
wild type PTEN and not mutant PTEN induced p53 dependent 
transcription in U87 cells (7.5-fold induction) (Figure 
14)-. Muristirone induced expression of wild type PTEN or 
G12 9R protein was equivalent whereas G12 9E induction was 
slightly greater (see insert, Figure 14) . Controls were 
performed using an mdm21uc if erase construct deleted in 
critical p53 binding sites to confirm the specificity for 
PTEN induction of p53 specific transcription. These data 
provide compelling evidence that PTEN and p53 are linked 
in a common pathway and therefore provide new biochemical 
targets for influencing PTEN regulation of expression of 
TSP-1 through the regulation of p53 transcription. 

To determine whether PI-3 kinase exerts control over 
angiogenesis or the growth of glial tumors in vivo the 
orthotopic brain tumor model described in Example I was 
utilized. To assess the effect of LY294002 on 
angiogenesis, we treated mice with LY294002 ( lOOmg/kg/dose 
x 2 weeks) or DMSO as negative control. Tumor volumes were 
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recorded daily (Figure 15). On day 14 we stained cryostat 
sections from subcutaneous tumors for CD31 (PEC AM) . CD31 
is an endothelial marker used to measure the microvessel 
density of these tumors. Microvessel density was assessed 
from multiple digitized images of CD31-stained tumor 
tissue at lOOx magnification (3 fields were evaluated per 
tumor) and counted blindly for the number of CD31 positive 
microvessels per unit surface area as described (Weidner 
et al., (1991) N. Engl. J. Med. 324:1). Quantitation of 
microvessel density in tumors treated with DMSO versus 
LY294002 are shown in Figure 16. Compared to controls 
(Figure 16), it was observed that LY294002 markedly 
suppressed the tumor-induced angiogenic response in this 
model (MVD is 22 ± 5 in LY294002 treated tumors versus 
50 ± 6 in the controls) . Importantly, microvessel 
determinations were performed on day 7 after implantation 
to compare angiogenic activity of tumors of similar size. 
At the time of analysis the tumors were approximately 400 
mm3 in the control and approximately 35 mm3 in the 
LY294002 treated mice. These data argue against an effect 
of tumor hypoxia or size on the induction of angiogenesis . 
It is likely that the effects of LY294002 are complex and 
that the size of tumor mass may contribute at later time 
points to the induction of angiogenesis. Despite this 
caveat, the data demonstrate that LY294002 dramatically 
suppressed the angiogenic response of U87MG cells in vivo. 

We also examined the effect of LY294002 on tumor 
growth and incidence of brain tumor in a nude mouse model. 
See Figure 17. In a previous study, in vivo activity of 
LY2 94 002 against an ovarian carcinoma was observed. 
However, it is difficult to interpret these results as the 
tumor was grown as an ascitic tumor and LY294002 was 
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injected into peritoneal cavity. In other words, the 
carcinoma was not assessed in its natural milieu. Hu et 
al., Clin. Can. Res. 6:880). Our results show 
conclusively that . subcutaneous tumor growth is markedly 
suppressed by LY2 94002 treatment (Figures 15 and 17) . In 
additional experiments, we observed that LY294002 markedly 
suppressed the intracranial growth of U87MG cells in nude 
mouse model. In control mice treated with DMSO, 4/5 had 
grossly visible and/or histologically confirmed brain 
tumors by H & E analysis by day 25 after implantation, 
whereas in 0/5 mice treated with LY294002 had grossly 
detectable or histologic evidence of intracranial tumor 
when examined on day 42 . Other recent reports suggest 
that LY294002 and PTEN reconstitution may increase tumor 
responsiveness to DNA damage from chemotherapy and 
radiation. Our results suggest that PTEN exerts its 
regulatory effects through the induction of p53 
transcription, a known factor in the induction of 
apoptosis. 

Recent in vitro data suggest a link between PI-3 
kinase and downstream targets including AKT, HIFla and 
VEGF in the potential control of angiogenesis . In the 
present example, we show that the PTEN tumor suppressor 
controls p53 transcription in U87 glioblastoma cells. 
Holland et al recently reported that the introduction of 
activated AKT and Ras into glial cells of the mouse brain 
results in the development of glioblastomas (Holland et 
al., (2000) Nat. Genet. 25:55). Thus, the combined data 
indicate that inhibitors of PI-3 kinase and downstream 
targets such as AKT should provide therapeutic efficacy in 
the treatment of malignant gliomas. Finally, the results 
presented herein provide the first evidence that LY294002 
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controls tumor- induced angiogenesis through a mechanism 
that appears to involve the regulation of p53 
transcription. Accordingly, these data support the 
hypothesis that these two tumor suppressor genes are 
localized on the same signaling pathway for the 
coordinated control of angiogenesis in tumor cells. 

, EXAMPLE. V 

INHIBITION OF PTEN ACTIVITY GIVES RISE TO PLURI POTENT 
IMMORTALIZED STEM CELLS FOR SYNGENEIC TRANSPLANTATION 

The capacity to propagate stem cells under conditions 
which would prevent differentiation and lineage commitment 
while simultaneously promoting the capacity of these cell 
to divide and undergo efficient gene transduction is a 
highly sought after condition (Weissman, 2000) . As 
demonstrated herein the control of PI-3 kinase pathways 
through PTEN modulation provides a means to 
pharmacologically manipulate stem cells such that they 
remain in a non-apoptotic, slowly proliferating state 
without lineage commitment. Such a state is ideal for 
stem cell propagation and gene transduction experiments. 
In accordance with the present invention, methods are 
provided for producing bone marrow derived stem cells 
maintained in a non-apoptotic and slowly proliferative 
state without lineage commitment . Such stem cell 
populations would be ideal for 1) gene therapy in which 
the stem cells are transduced with genes encoding 
proteins that provide therapeutic benefit, 2) the long- 
term propagation of stem cells in a non-committed 
pluripotent state, and 3) ex vivo expansion stem cells 
under controlled conditions that control intracellular 
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PIP 3 levels, thereby subverting the well characterized 
tendency of stem cells to undergo apoptosis. 

It is known, for example, that certain genes, 
including p21 waf-1 may contribute to maintenance of stem 
cells in G 0 phase of cell cycle (Cheng et al, 2000a) and 
that such GO arrest may enhance the transfection capacity 
of stem cells in vitro (Cheng et al . 2000b). In 
addition, -placing- stem cells- in low serum conditions has 
been shown to increase the long term capacity of stem 
cell populations to proliferate, suggesting that some 
optimum degree of cell cycle arrest in the absence of 
apoptosis is needed to transduce genes into stem cells. 
Other conditions which promote arrest in G 0 include 
culturing stem cells on fibronectin fragments (Williams 
1999) . All of these manipulations are designed to 
simulate events which occur in vivo for maintaining a 
pluripotent stem cell compartment. It is not surprising 
that once removed from the body, it is difficult to 
simulate these in vivo conditions by altering 
extracellular factors (e.g. serum, growth factor 
conditions, cytokines, and extracellular matrix 
composition, etc.) because of the complexity of the 
signaling pathways that contribute to the system. 

Controling these processes in a stem cell population 
in vitro should provide information regarding the 
components of the various signal transduction pathways 
that control the downstream signals transmitted through 
the above multiple receptor types. Results described in 
the previous example provide the first direct proof that 
PTEN and PI-3 kinase signaling pathways regulate the 
transcriptional activity of p53, and hence entry into cell 
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cycle progression. As the data presented indicate that 
PTEN is a central control point for stem cell self renewal 
and propagation in the absence of lineage commitment, 
modulation of PTEN activity provides an excellent approach 
5 for generating stem cell populations having the 

aforementioned desired characteristics. PTEN controls, 
via its effects on PI-3 kinase and PIP 3 levels, 
differentiation pathways within the stem cell and hence, 
is an intracellular determinant of lineage commitment. It 

10 is noteworthy that the method described herein is equally 

applicable to the generation of renewable stem cell 
populations of mesenchymal, neural, muscle, renal, 
pulmonary and other parenchymal origin. This technology 
will facilitate ex vivo tissue engineering that can 

15 readily be applied to the treatment of a variety of 

clinical disorders of humans and other mammals. 

Two congenic strains of mice, C57B1/6 and B6.SJL, 
will be used as mouse models to assess long term 
repopulation activity of stem cells transduced with a 

20 retrovirus encoding the gp91 NADPH oxidase gene. These 

mice differ in the isotype expression of an allele of 
CD45, thereby facilitating identification of the source of 
different cell types in a chimeric animal produced by stem 
cell transplantion experiments. The chronic granulomatous 

25 disease (CGD) mouse, which is deficient in the gp91phox 

protein, is an ideal model system in which to evaluate the 
frequency of successful gene transduction. This mouse can 
be backcrossed into the C57B1/6 genetic background and 
hence, can be used to assess the effect of stem cell 

30 manipulation on gene transfer efficiency. 

Stem cells will be obtained from bone marrow by 
methods that are well known to those of skill in the art. 
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Sca+, Lin- stem cells will then be isolated by 
fluorescence activated cell sorting (FACS) utilizing 
methods that are well known to those of skill in the art. 
Sca+, Lin- stem cells will then be exposed to inhibitors 
of PI-3 kinase, AKT, or PTEN activity during the process 
of gene transduction with EGFP MSCV retrovirus which 
encodes for the enhanced green fluorescent protein (EGFP) . 
To determine stem cell transduction efficiency and long 
term repopulation activity, EGFP protein levels can be 
assayed directly or indirectly by FACS analysis to 
determine the percentage of fluorescent cells in the 
circulating peripheral blood. Reconstitution with gp91 
phox protein, as measured by nitrotetrazolium blue stain 
(NBT) , will be used as an index of the percent of cells 
expressing the transgene. Stem cells will initially be 
incubated in LY294002 at different concentrations (l-50uM) 
in vitro to control cell cycle entry. Subsequently stem 
cells will be shifted to conditions in which PTEN is 
inhibited, so as to augment PIP 3 metabolism. This should 
increase the proliferative index of the stem cell 
population without triggering lineage commitment, thereby 
maintaining a pluripotent stem cell population. 

In order to expand a transduced population of stem 
cells ex vivo, the levels of PIP 3 will be elevated. To 
this end, stem cells will be transduced with the 
retrovirus MSCV- PTEN (C124S) , which encodes the C124S 
mutant of PTEN; the resultant expression of this 
catalytically dead form of PTEN will serve to augment PIP 3 
levels within the cell. Alternatively, treatment with an 
inhibitor of PTEN may also be used to augment PIP 3 levels 
following gene transduction. The transduced population of 
cells will then be tracked by the IRES driven EGFP protein 
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by FACS and sorted to evaluate the cells for long term 
repopulating capacity. The expression of the C124S mutant 
form of PTEN should serve to expand the stem cell 
compartment. Pretreatment of stem cells with LY294002 
should serve to maintain cells in a pharmacologically 
induced G 0 arrest until gene transduction takes place. 
Once gene transduction is optimized, the expression of 
C124S PTEN or the use, of _ PTEN inhibitors will allow the .__„ 
cells to transit into Gi-S, thereby facilitating expansion 
of pluripotent stem cells in the absence of exogenous 
factors that could induce differentiation. Once 
reinfused, the pluripotent stem cells will migrate to the 
appropriate environs and differentiate into functional, 
mature cells, including for example: blood cells, heart 
cells, and neuronal cells. The resulting population of 
stem cell will be tested in animal models for both 
augmented gene transfer and expansion of pluripotency . 

In preparation for transplantation of exogenous gene- 
transduced stem cells, recipients will be given 1100 cGy 
of radiation to destroy the host stem cell population. 
NBT assays will be performed on circulating peripheral 
blood cells derived from recipient animals to evaluate the 
efficiency of transfer for stem cells transduced with the 
gp91 phox gene. EGFP expression will also used to assess 
the percent of transduced cells present in the recipient, 
thereby providing definitive evidence regarding the 
successful transfer of pluripotent stem cells transduced 
with an exogenous gene. 

Secondary transplants into lethally irradiated 
recipients (as described above) will be performed to 
determine the long term capacity of transduced stem cell 
populations to proliferate. 
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Accordingly, the present invention provides methods 
for screening and biochemically characterizing therapeutic 
agents which regulate stem cell renewal pathways. 
Immortalized stem cells generated by these methods are 
also within the scope of the invention. 

EXAMPLE VI 

PTEN RECONSTITUTION ENHANCES SENSITIVITY OF TUMORS TO 
CHEMOTHERAPY AND RADIATION THERAPY IN VITRO AND IN VIVO 

The data presented in Example IV demonstrate that a 
molecular link exists between the activities of PTEN and 
p53 tumor suppressor genes, p53 -mediated transcription and 
phosphorylation of MDM2 by AKT. These data indicate that 
activation of the PI-3 kinase pathway can be correlated 
with a reduction of programmed cell death leading to a 
higher risk of tumor progression. Thus, agents which 
modulate the PTEN pathway can be used in certain cell 
populations to influence the apoptotic mechanisms 
triggered by chemotherapy and radiation and other cellular 
stresses. PI-3 kinase, MDM2 and AKT as well as PTEN 
provide ideal biological targets for the development of 
such agents. Thus, the present invention provides methods 
for identifying and biochemically characterizing small 
molecules which modulate the biological processes 
regulated by these proteins, including, but not limited to 
apoptosis, proliferation, differentiation and 
chemosensitivity . 

The data set forth in this example implicate a role 
for PTEN in chemo- and radiosensitivity which influences 
tumor-induced angiogenesis and p53 tumor suppressor 
activity. Since PTEN is mutated or deleted in 50% of all 
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glioblastoma, we assessed whether such cells are rendered 
sensitive to chemotherapy upon stable introduction of 
wild-type PTEN. U87MG glioblastoma cells, null for PTEN, 
or glioblastoma cells stably expressing catalytically 
inactive PTEN (R130M cells), required 4.7 ]iM of etoposide 
to achieve a 50% cell kill. Glioblastoma cells engineered 
to stably express wild-type PTEN were sensitized requiring 
.047 pM of etoposide to achieve a 50% cell kill, a 100- 
fold increase in sensitivity. See Figures 18 and 19. 
Compensation for the absence of PTEN in the parental line 
of glioblastoma was achieved by treatment of the cells 
with LY294002. This agent rendered the parental, PTEN- 
null cells as sensitive to etoposide as cells 
overexpressing PTEN. These observations show that PTEN 
and inhibitors of PI 3 -kinase sensitize cancers to 
chemotherapy by blockade of PI 3 -kinase /Akt survival 
signaling, thereby permitting the p53 tumor suppressor to 
transmit its death signal. 

The following protocols are provided to facilitate 
the practice of Example VI. 
Materials . 

The DOpl antibody to p53 was from Santa Cruz 
Biotechnology. 

Cell culture, treatments, and transf ections . 

U87MG cells, breast adenocarcinomas, MCF-7 cells, 
T47D breast ductal carcinoma cells, 2 93T human embryonic 
kidney cells transformed with adenovirus, and H1299 non- 
small lung carcinoma cells were cultured in DMEM 
supplemented with 10% fetal bovine serum at 37°C under 5% 
C0 2 .- Stable clones of U87MG and U373MG glioma cells were 
generated using retroviral vectors pBABEpuro to express 
wild type and mutants of PTEN. 
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The MDM2 promoter with and without p53 response 
elements was operably linked to a nucleic acid encoding 
luciferase as described in Example IV. Luciferase assays 
were conducted twenty- four hours after transient 
transfection using the luciferase assay system and the 
galacto-light kit to assay (J-gal activity. 

MTT assays. Cells were seeded (6000/well) into a 96 
well plate. - Twenty-four - hours later the growth medium was 
changed to 1% serum and other reagents were added as 
described. Treatments proceeded for 24-72 h. At each 
time point the MTT assay was performed. MTT (10 ul of a 5 
mg/ml stock solution dissolved in RPMI medium) is added to 
each well of cultures 4 hours before quantitation of 
viable cell number by measuring absorbance in each well 
at 650 nm with a microplate reader (Molecular Devises,) 
Agents added to cell LY294002 alone or in combination with 
etoposide. In addition, comparison was made between U87MG 
cells null for PTEN and reconstituted with PTEN protein. 
The absorbance of each well was measured at 57 0 nM with a 
microplate reader. The amount of absorbance is a 
reflection of mitochondrial activity of cells and hence is 
a method for the quantitation of viable cell numbers in 
multiple replicates. 

Effect of PTEN expression on radiosensitivity . 

To determine role of PI-3 kinase pathways and PTEN 
in control of radiation sensitivity, U87MG reconstituted 
with wild type or mutant (G129R) forms of PTEN under 
constitutive or muristirone induced conditions were 
exposed in vitro to a gamma irradiation source of 12 Gy, 
20Gy, 30Gy, 40Gy, 50Gy at 1 . 2Gy per minute as a single 
dose . 



Cells were then washed gently and plated in tissue 
culture 96 well plate and at different time intervals 
after radiation exposure viable cell numbers were 
determined using MTT assay. An IC50 was established for 
cells expressing PTEN or treated with 5-10uM LY294002. 
The results are similar to those observed with etoposide 
sensitivity in that PTEN reconstitution or LY294002 
dramatically increased, the. radiation sensitivity of this 
p53 wild type tumor in vitro. Evaluation in vivo showed 
similar results as described for our experiments for 
antiangiogenic and antimetastatic effect of LY2 94002 or 
PTEN reconstitution. 

The data reveal that the induction of p53 associated 
with PTEN was operative in the induction of a 
radiosensitive state. 

The clones utilized in this example express 
physiologic levels of PTEN thereby more closely 
approximating biological reconstitution of PTEN rather 
than overexpression of the protein. In the studies 
described in the prior art and the previous examples, PTEN 
is overexpressed and generates cells which are growth 
arrested by virtue of excess levels of PTEN. PTEN 
expression was assessed in the present U373MG clones by 
Western blot and found to be equal to or less than levels 
of PTEN protein measured in whole brain lysates or 
cultivated human primary astrocytes. Ideally, assays for 
assessing PTEN function should be based on experimental 
conditions wherein. PTEN expression levels accurately 
reflect the levels observed in normal cells. It is known 
that PTEN levels are closely regulated by endogenous 
biochemical feedback mechanisms under normal conditions 
thereby allowing cells to undergo regulated proliferation 
in response to proper physiological stimuli. Thus, PTEN 
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functions in normal cells as a rheostat to control vital 
PIP 3 linked functions. 

As demonstrated herein, PTEN activity influences the 
sensitivity of U87MG cells to genotoxic stress induced by 
the topoisomerase inhibitor, etoposide (VP16) and 
radiation. Exposure of U87MG cells to etoposide in the 
presence of PI-3 kinase inhibitor, LY294002 dramatically 
shifted the dose/response curve towards a more sensitive 
state. Similarly PTEN reconstituted tumor cells were 
markedly more sensitive to etoposide induced cell death 
and radiation. Thus, PTEN activity modulates p53 function 
thereby regulating and coordinating p53 levels in the 
cell. Accordingly, activation of PTEN and the PI-3 kinase 
pathway sensitizes cells to p53 mediated cell death 
through the control of p53 induced apoptosis. 

The data reveal that LY294002 dramatically sensitizes 
the parental U87MG cells to the cytotoxic effect of 
etoposide (VP-16) as shown in our MTT analysis at a 
concentration where LY294002 has not effect on cell 
viability and a concentration of etoposide which has 
minimal cytotoxic activity (1 uM) the combination of 
etoposide and LY294002 has a dramatic synergistic 
cytotoxicity. There is a 5-fold increase in cytotoxicity 
observed in cell pretreated with PI-3 kinase inhibitor. 
These results have been repeated 20 times and are highly 
statistically significant (p<.0001) and show that LY294002 
induces a chemosensitive state in this p53 wild type 
glioma cell line. Similar data are obtained for effect of 
PTEN reconstitution in this system and with other tumor 
cell lines. PTEN reconstitution or LY294002 induced a 
marked sensitivity of tumor cells to etoposide, 
adriamycin, Cytoxan, asparaginase, vincristine, busulfan 
and other chemotherapeutic agents. In addition LY294002 
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and PTEN reconsti tution induce a marked sensitivity to 
ionizing radiation using the same methodology. 

LY294002 and PTEN reconstitution also induce a 
sensitivity to apoptosis induced by other environmental 
stress including: osmotic, endotoxic stress, nutritional 
stress, metabolic stress, hyperoxic, hypoxic, chemical, 
temperature, immunologic, other forms of electromagnetic 

-radiation -heat-shock , using- the- same methods- for - — 

enablement. The inhibition of PTEN reduced the apoptotic 
response to each of these forms of cellular stress in vivo 

and in vitro. 

While certain preferred embodiments of the present 
invention have been described and specifically exemplified 
above, it is not intended that the invention be limited to 
such embodiments. Various modifications may be made to 
the invention without departing from the scope and spirit 
thereof as set forth in the following claims. 



What is claimed is: 
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1. A method for identifying agents which modulate 
PTEN activity, comprising: 

a) providing a host cell wherein PTEN is 

expressed; 

b) contacting said host cell with a test agent 
suspected of modulating PTEN activity; 

c) assessing said modulation as a function of 
alterations in activated AKT levels in the presence of 
said agent . 

2. A method as claimed in claim 1, wherein said PTEN 
is mutated 

3. A method as claimed in claim 2, wherein said 
mutation in PTEN is selected from the group consisting of 
G129E, G129R, R130M and C124S. 

4. A method as claimed in claim 2, wherein said PTEN 
is inactive and said test agent suppresses concomittant 
AKT activating activity. 

5. A test agent identified by the method of claim 4. 

6 . A method for gene therapy for the treatment of 
cancers arising from a mutation in PTEN, comprising 
administration of a nucleic acid encoding wild type PTEN 
to a patient in need thereof. 

7. The method as claimed in claim 6, wherein said 
PTEN encoding nucleic acid is inserted into a vector 
having tropism for said cancer cell. 



8. The method as claimed in claim 7, wherein said 
vector is selected from the group consisting of retroviral 
vectors, adenoviral vectors, shuttle vectors, disabled 
vaccinia viral vectors, and plasmid vectors. 

9. The method as claimed in claim 8, wherein said 
plasmid vector is encased in an antibody studded liposome, 
said antibody being immunologically specific for an' 
antigen present on a tumor cell. 

10. The method as claimed in claim 9, wherein said 
tumor cell is a glioma cell and said antigen is the 
epidermal growth factor receptor. 

11. A method as claimed in claim 10, wherein said 
liposome is a cationic liposome. 

12. A method as claimed in claim 7, wherein said 
vector disposed in a biologically compatible medium is 
microinjected directly into said cancer cell. 

13. A method for identifying agents which modulate 
PTEN angiogenic activity, comprising: 

a) providing a host cell wherein PTEN is 

expressed; 

b) contacting said host cell with a test agent 
suspected of modulating PTEN angiogenic activity; 

c) assessing said modulation as a function of 
alterations in microvessel density formation in the 
presence of said agent. 

14. A method as claimed in claim 13, wherein said 
PTEN is mutated. 
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15. A method as claimed in claim 14, wherein said 
mutation in PTEN is selected from the group consisting of 
G129E, G129R, R130M and C124S. 

16. A method as claimed in claim 13, wherein said 
PTEN is inactive and said test agent inhibits PTEN 
mediated angiogenic activity. 

17. A method as claimed in claim 13, wherein said 
microvessel density formation determined via 
immunospecif ic binding of anti-CD31 antibodies. 

18. A test agent identified by the method of claim 

16. 

19. A method for identifying agents which modulate 
PTEN activity, comprising: 

a) providing a host cell wherein PTEN is 

expressed; 

b) contacting said host cell with a test agent 
suspected of modulating PTEN activity; 

c) assessing said modulation as a function of 
alterations in upregulation of TSP-1 in the presence of 
said agent. 

20. A method as claimed in claim 19, wherein said 
PTEN is mutated. 

21. A method as claimed in claim 20, wherein said 
mutation in PTEN is selected from the group consisting of 
G129E, G129R, R130M and C124S. 
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22. A method as claimed in claim 20, wherein said 
PTEN is inactive and said test agent restores PTEN 
mediated upregulation of TSP-1. 

23. A test agent identified by the method of claim 

22. 

2 4 A- method, for- ident if ying_agent s_ whictu modula te- 

PTEN activity, comprising: 

a) providing a host cell wherein PTEN is 

expressed; 

b) contacting said host cell with a test agent 
suspected of modulating PTEN activity; 

c) assessing said modulation as a function of 
alterations in VEGF levels in the presence of said agent. 

25. A method as claimed in claim 24, wherein said 
PTEN is mutated. 

26. A method as claimed in claim 25, wherein said 
mutation in PTEN is selected from the group consisting of 
G129E, G129R, R130M and C124S. 

27. A method as claimed in claim 26, wherein said 
PTEN is inactive and said test agent restores regulated 
PTEN inhibition of VEGF production. 

28. A test agent identified by the method of claim 

27 . 

29. A method for identifying agents which modulate 
PTEN activity, comprising: 



a) providing a host cell wherein PTEN is 

expressed; 

b) contacting said host cell with a test agent 
suspected of modulating PTEN activity; 

c) assessing said modulation as a function of 
alterations in TIMP3 levels in the presence of said agent. 

30. A method as claimed in claim. 29, wherein said 
PTEN is mutated. 

31. A method as claimed in claim 30, wherein said 
mutation in PTEN is selected from the group consisting of 
G129E, G129R, R130M and C124S. 

32. A method as claimed in claim 30, wherein said 
PTEN is inactive and said test agent restores PTEN 
mediated induction of TIMP3 . 

33. A test agent identified by the method of claim 

32 . 

34. A method for identifying agents which modulate 
PTEN activity, comprising: 

a) providing a host cell wherein PTEN is 

expressed; 

b) contacting said host cell with a test agent 
suspected of modulating PTEN activity; 

c) assessing said modulation as a function of 
alterations in MMP-9 levels in the presence of said agent. 

35. A method as claimed in claim 36, wherein said 
PTEN is mutated. 



36. A method as claimed in claim 35, wherein said 
mutation in PTEN is selected from the group consisting of 
G129E, G129R, R130M and C124S. 

37. A method as claimed in claim 36, wherein said 
PTEN is inactive and said test agent restores regulated 
PTEN suppression of MMP9 activity. 

38. A test agent identified by the method of claim 

37. 

39. A method for identifying agents which modulate 
PTEN activity, comprising: 

a) providing a host cell wherein PTEN is 

expressed; 

b) contacting said host cell with a test agent 
suspected of modulating PTEN activity; 

c) assessing said modulation as a function of 
alterations of invasiveness of said cells in the presence 
of said agent. 

40. A method as claimed in claim 39, wherein said 
PTEN is mutated. 

41. A method as claimed in claim 39, wherein said 
mutation in PTEN is selected from the group consisting of 
G129E, G129R, R130M and C124S. 

42. A method as claimed in claim 40, wherein said 
PTEN is inactive and said test agent restores PTEN 
mediated inhibition of invasiveness. 
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43. A test agent identified by the method of claim 

42 . 



44. A method for identifying an agent which 
modulates PTEN phosphatase activity comprising: 

a) providing an enzymatically active PTEN 
molecule or peptide fragment in a biological buffer; 

b) adding to said buffer a substrate of said 
PTEN enzyme, said enzymatic action of PTEN on said 
substrate giving rise to a detectable reaction product; 

c) contacting said active PTEN molecule or 
fragment in said biological buffer with an agent suspected 
of modulating said PTEN phosphatase activity; 

d) measuring said PTEN phosphatase activity in 
the presence and absence of said agent. 

45. A method as claimed in claim 44, wherein said 
PTEN is immobilized on a solid support. 

46. A method as claimed in claim 45, wherein said 
PTEN activity is assessed in a high throughput format. 

47. A method as claimed in claim 44, wherein said 
PTEN activity is contacted with a plurality of test 
agents . 

48. A method as claimed in claim 44, wherein a 
Malachite green assay is performed to determine said 
enzymatic activity of PTEN in the presence and absence of 
said test agent. 
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49. A method for identifying agents having binding 
affinity for PTEN or peptide fragment thereof, said method 
comprising: 

a) providing a PTEN molecule or peptide fragment 
in a biological buffer; 

b) contacting said PTEN molecule or fragment in 
said biological buffer with a detectably labeled agent, 
suspected of having binding affinity for said PTEN or 
peptide fragment thereof, such that a detectably labeled 
complex forms between those agents having affinity for 
said PTEN or fragment thereof; and 

d) identifying and isolating said detectably 
labeled complex if present, thereby identifying said 
agent . 

50. A method as claimed in claim 49, wherein said 
PTEN or PTEN peptide fragment is adsorbed to a solid 
support . 

51. A method as claimed in claim 50, wherein said 
method is performed in a high throughput screening format. 

52. A method as claimed in claim 49, wherein said 
PTEN or fragment thereof is contacted with a plurality of 
detectably labeled agents present in a chemical 
combinatorial library. 

53. A method as claimed in claim 49, wherein said 
PTEN or PTEN fragment is expressed on the surface of a 
phage, and said expressed PTEN or PTEN fragment is 
contacted with a plurality of detectably labeled agents 
present in a chemical combinatorial library. 
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54. A method as claimed in claim 49, wherein said 
PTEN fragment consists essentially of a fragment selected 
from the group consisting of DLDLTYIYP, YLVLTL, YRNNIDD, 
KGVTIPSQRRYVYYYSYLL, YSYL, YFSPN, RYSDTTDS , HCKAGKR, 
DHNPPQ, KGVTI PSQRRY , HFWVNTFFI, TLTKNDLD FTKTV, 

GDIKVEF FTKTV, DKANKDKAN-- -FTKTV, RYSDTTDS, 

and HTQITKV. 



55. A method as claimed in claim 53, wherein said 
phage express a PTEN fragment consisting essentially of a 
fragment selected from the group consisting of DLDLTYIYP, 
YLVLTL, YRNNIDD, KGVTIPSQRRYVYYYSYLL, YSYL, YFSPN, 
RYSDTTDS, HCKAGKR, DHNPPQ, KGVTI PSQRRY, HFWVNTFFI, 
TLTKNDLD— -FTKTV, GDIKVEF ---FTKTV, DKANKDKAN-— FTKTV, 
RYSDTTDS, and HTQITKV. 

56. A method for preventing or inhibiting 
inflammatory disease in a patient in need thereof, 
comprising the administration of an effective amount of a 
PTEN agonist. 

57. A method as claimed in claim 56, wherein said 
inflammatory disease is selected from the group consisting 
of macular degeneration, arthritis, asthma, hay fever, 
systemic lupus erythrematosis, Crohn's disease, and 
inflammatory bowel disease. 

58. A method as claimed in claim 56, further 
comprising the administration of an inhibitor of PI- 
kinase . 
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59. A method as claimed in claim 58, wherein said 
Pl-kinase inhibitor is LY294002. 

60. A method as claimed in claim 56, further 
comprising the administration of an AKT inhibitor. 

61. A method for the treatment of cancer in a 
"patTerit in "need" bhereof^" " comprising" the administration of 

an effective amount of a PTEN agonist. 

62. A method as claimed in claim 61, wherein said 
PTEN agonist effectively blocks cancer cell metastasis. 

63. A method as claimed in claim 61, wherein said 
PTEN agonist effectively blocks angiogenesis . 

64. A method as claimed in claim 61, further 
comprising the administration of at least one additional 
chemotherapeutic agent. 

65. A method as claimed in claim 64, wherein said a 
least one additional chemotherapeutic agent is selected 
from the group consisting of alkylating agents, 
antimetabolites, asparaginase, vincristine, vinblastine, 
an thracyc lines, microtubule disrupting agents, taxol, 
herceptin, and etoposides. 

66. A method as claimed in claim 61, further 
comprising the administration of an inhibitor of PI3 
kinase . 

67. A method as claimed in claim 66, wherein said 
Pl-kinase inhibitor is LY294002. 
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68. A method as claimed in claim 61, further 
comprising the administration of an inhibitor of AKT. 

69. A method for inhibiting p53 mediated programmed 
cell death in a patient in need thereof, said method 
comprising the administration of a PTEN inhibitor. 

70. A method for enhancing the chemosensitivity of 
tumor cells in a patient in need thereof, said method 
comprising the administration of an PTEN agonist to a 
patient having a chemoresistant tumor. 

71. A method for enhancing the radiosensitivity of a 
tumor cells in a patient in need thereof, said method 
comprising the administration of a PTEN agonist to a 
patient having a radioresistant tumor. 

72. A method for inducing cell division in 
pluripotent stem cells containing a retroviral vector 
expressing a foreign gene of interest, said method 
comprising sequential administration of a PI-3 kinase 
inhibitor to promote retroviral gene transduction followed 
by the administration of a PTEN inhibitor in an amount 
effective to block differentiation and induce cell 
division in said recombinant stem cell population. 

73. A method as claimed in claim 72, wherein said 
stem cell is selected from the group consisting of a bone 
marrow stem cell, a hematopoietic stem cell, a mesenchymal 
stem cells, a cardiac stem cell, a neural stem cell and an 
intestinal stem cell. 
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74. A method for expanding a native stem cell 
population ex vivo without inducing differentiation, said 
method comprising sequential administration of PTEN 
inhibitors . 

75. A method as claimed in claim 74, wherein said 
stem cells are reintroduced into a patient following 
expansion . 

76. A method as claimed in claim 74, wherein said 
stem cell is selected from the group consisting of a bone 
marrow stem cells, hematopoietic stem cells, mesenchymal 
stem cells, cardiac stem cells, neural stem cells and 
intestinal stem cells. 

77 . A method of gene therapy for the treatment of an 
inflammatory condition in a patient having a mutation in 
PTEN, said method comprising delivery of a native PTEN 
encoding nucleic acid to immune cells of said patient. 

78. A method as claimed in claim 77, further 
comprising the administration of a PI3 kinase inhibitor. 

79. A method as claimed in claim 77, wherein said 
immune cell is selected from the group consisting of mast 
cells, B cells, T cells, dendritic cells, neutrophils, 
eosinophils and macrophages. 

80. A method for inhibiting immunoreceptor signaling 
in a patient in need thereof, comprising administration of 
an effective amount of a PTEN agonist. 
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81. A method as claimed in claim 80, wherein said 
immune-receptor is selected from the group consisting of 
T cell receptor, B cell receptor, ITAM-bearing receptor, 
FcyR, FceR, and FcaR. 

82. A method as claimed in claim 80, wherein said 
agonist is administered to prevent a condition selected 
from the group consisting of graft rejection and graft 
versus host disease. 

83 . A method for augmenting an immune reaction in 
patient in need thereof, comprising administration of an 
effective amount of an inhibitor of PTEN. 

84. A method as claimed in claim 83, wherein said 
inhibitor is targeted to a cell selected from the group 
consisting of T cells, B cells, and macrophages. 

85. A method for inhibiting aberrant angiogenesis 
a patient in need thereof, said method comprising the 
administration of a PI3 kinase inhibitor. 

86. A method as claimed in claim 85, wherein said 
aberrant angiogenesis is caused by cancer, autoimmune 
disease, arthritis, systemic lupus erthymatosis , 
inflammatory bowel disease, coronary artery disease, 
cerebrovascular disease, and atheroschlerosis . 



87. A method as claimed in claim 85, further 
comprising the administration of an AKT inhibitor. 
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88. A method for inhibiting aberrant angiogenesis in 
a patient in need thereof, said method comprising the 
administration of an AKT inhibitor. 

89. A method as claimed in claim 88, wherein said 
aberrant angiogenesis is caused by cancer, autoimmune 
disease, arthritis, systemic lupus erthymatosis, 
inflammatory bowel disease, coronary artery disease, 
cerebrovascular disease, and atheroschlerosis . 

90. A method as claimed in claim 88, further 
comprising the administration of an PI3 kinase inhibitor. 

91. A method for inhibiting p53 mediated 
programmed cell death in a patient in need thereof, 
comprising the targeted administration of a PTEN inhibitor 
to normal tissues to inhibit stress induced apoptosis 
thereof, wherein said patient is in need for such 
treatment due to a condition selected from the group 
consisting of myocardial infarction, cerebrovascular 
insult and gram negative sepsis. 

92. A method for inhibiting p53 mediated programmed 
cell death in a patient in need thereof, comprising the 
targeted administration of a PTEN inhibitor, said PTEN 
inhibitor inhibiting cellular senescence thereby promoting 
survival of normal cells. 

93. A method as claimed in claim 93, wherein said 
normal cells are selected from the group consisting of 
brain cells, heart cells, and skin cells. 
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ABSTRACT 

Methods are provided for the identification, 
biochemical characterization and therapeutic use of agents 
which impact PTEN, p53 , Pl-kinase and AKT mediated 
5 cellular signaling. 
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CTTCTGCCATCTCTCTCCTCCTTTTTCTTCAGCCACAGGCTCCCAGACAT 
GAAGACGGTAGAGAGAGGAGGAAAAAGAAGTCGGTGTCCGAGGGTCTGTA 

M> 



>EcoRV 
I 

960 970 980 990 j 1000 

GACAGCCATCATCAAAGAGATCGTTAGCAGAAACAAAAGGAGATATCAAG 
C TGTCGGT AGT AGTTTC TC T AGC AATC GTC TTTGTTTTCCTC T AT AGTTC 

TAI'I K E IVSRNK R RYQ> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 

>TaqI 

I - " 
1010 1020 1030 1040 1050 
AGGATGGATTCGACTTAGACTTGACCTATATTTATCCAAATATTATTGCT 
TCCTACCTAAGCTGAATCTGAACTGGATATAAATAGGTTTATAATAACGA 
EDGFDLDLTYIYPNI I A> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 

>PStI 
I 

1060 | 1070 1080 1090 1100 

ATGGGATTTCCTGCAGAAAGACTTGAAGGTGTATACAGGAACAATATTGA 
TACCCTAAAGGACGTCTTTCTGAACTTCCACATATGTCCTTGTTATAACT 

MGFPAERLEGVYRNNID> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 

1110 1120 1130 1140 1150 

TGATGTAGTAAGGTTTTTGGATTCAAAGCATAAAAACCATTACAAGATAT 
ACTACATCATTCCAAAAACCTAAGTTTCGTATTTTTGGTAATGTTCTATA 

DVVRFLDSKHKNHYK I> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 

>PstI 
I 

1160 1170 1180 1190 1200 
ACAATCTATGTGCTGAGAGAC ATTATGACACCGC C AAATTTAACTGC AGA . 
TGTTAGATACACGACTCTCTGTAATACTGTGGCGGTTTAAATTGACGTCT 
YNLCAERHYDTAKFNC R> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 

1210 1220 1230 1240 1250 

GTTGCACAGTATCCTTTTGAAGACCATAACCCACCACAGCTAGAACTTAT 
CAACGTGTCATAGGAAAACTTCTGGTATTGGGTGGTGTCGATCTTGAATA 

VAQ YPFEDHNPPQLELI> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 

>BglII 
I 

.1260 |1270 1280 1290 1300 
CAAACCCTTCTGTGAAGATCTTGACCAATGGCTAAGTGAAGATGACAATC 
GTTTGGGAAGACACTTCTAGAACTGGTTACCGATTCACTTCTACTGTTAG 
KPFC EDLDQWLSEDDN> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 
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1310 1320 1330 1340 1350 
ATGTTGC AGCAATTC AC TGTAAAGCTGGAAAGGG AC GG AC TGGTGTAATG 
TACAACGTCGTTAAGTGACATTTCGACCTTTCCCTGCCTGACCACATTAC 
HVAAIHCKAGKGRTGVM> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 

1360 1370 1380 1390 1400 

ATTTGTGCATATTTATTGCATCGGGGCAAATTTTTAAAGGCACAAGAGGC 
TAAACACGTATAAATAACGTAGCCCCGTTTAAAAATTTCCGTGTTCTCCG 

ICAYLLHRGKFLKAQE A> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 

1410 1420 1430 1440 1450 
CC TAGATTTTTATGGGGAAGTAAGGAC C AGAGAC AAAAAGGGAGTC AC AA 
- - GGATCTAAAAATACCCCTTCATTCCTGGTCTCTGTTTTTCCCTCAGTGTT— 
LDFYGEVRTRDKKGVT> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 

1460 1470 1480 1490 1500 
TTCCCAGTCAGAGGCGCTATGTATATTATTATAGCTACCTGCTAAAAAAT 
AAGGGTCAGTCTCCGCGATACATATAATAATATCGATGGACGATTTTTTA 
IPSQRRYVYYYSYLLK N> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 

1510 1520 1530 1540 1550 

CACCTGGATTACAGACCCGTGGCACTGCTGTTTCACAAGATGATGTTTGA 
GTGGACCTAATGTCTGGGCACCGTGACGACAAAGTGTTCTACTACAAACT 

HLDYRPVALLFHKMMF E> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 

1560 1570 1580 1590 1600 

AACTATTCCAATGTTCAGTGGCGGAACTTGCAATCCTCAGTTTGTGGTCT 
TTGATAAGGTTACAAGTCACCGCCTTGAACGTTAGGAGTCAAACACCAGA 

TIPMFSGGTCNPQFV V> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 



1610 1620 1630 1640 1650 
GCCAGCTAAAGGTGAAGATATATTCCTCCAATTCAGGACCCACGCGGCGG 
C GGTCGATTTCC ACTTCTATATAAGGAGGTTAAGTCC TGGGTGCGC CGC C 
CQLKVKIYSSNSGPTRR> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC : 



>RsaI 

1660 |l670 1680 1690 1700 

GAGGACAAGTTCATGTACTTTGAGTTCCCTCAGCCATTGCCTGTGTGTGG 
CTCCTGTTCAAGTACATGAAACTCAAGGGAGTCGGTAACGGACACACACC 

EDKFMYFEFPQPLPVCG> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 

>EcoRV 

J 1710 1720 1730 1740 1750 

TGATATCAAAGTAGAGTTCTTCCACAAACAGAACAAGATGCTCAAAAAGG 
AC T AT AGTTTC ATC TC AAG AAGGTGTTTGTC TTGTTC T AC G AGTTTTTC C 

DIKVEFFHKQNKMLKK> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 
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1760 1770 1780 1790 1800 
ACAAAATGTTTCACTTTTGGGTAAATACGTTCTTCATACCAGGACCAGAG 
TGTTTTACAAAGTGAAAACCCATTTATGCAAGAAGTATGGTCCTGGTCTC 
DKMFHFWVNTFF I P G P E> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 

>ClaI 
I 

>BsiXI 
I 

>BsiQI >TaqI 

I I 
1810 1820 1830 | 1840 1850 

GAAACCTCAGAAAAAGTGGAAAATGGAAGTCTTTGTGATCAGGAAATCGA 
CTTTGGAGTCTTTTTCACCTTTTACCTTCAGAAACACTAGTCCTTTAGCT 

ETSEKVENGSLCDQEID> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 

>RsaI 
I 

1860 1870 1880 1890 1900 

TAGCATTTGCAGTATAGAGCGTGCAGATAATGACAAGGAGTATCTTGTAC 
ATCGTAAACGTCATATCTCGCACGTCTATTACTGTTCCTCATAGAACATG 

S IC S IERADND.KEYL V> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 

1910 1920 1930 1940 1950 
TCACCCTAACAAAAAACGATCTTGACAAAGCAAACAAAGACAAGGCCAAC 
AGTGGGATTGTTTTTTGCTAGAACTGTTTCGTTTGTTTCTGTTCCGGTTG 
LTLTKNDLDKANKDKA N> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 

1960 1970 1980 1990 2000 

CGATACTTC TC TCC AAATTTTAAGGTGAAACTATACTTTAC AAAAAC AGT 
GCTATGAAGAGAGGTTTAAAATTCCACTTTGATATGAAATGTTTTTGTCA 

RYFS PNFKVKLYFTKT V> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 

2010 2020 2030 2040 2050 

AGAGGAGCCATCAAATCCAGAGGCTAGCAGTTCAACTTCTGTGACTCCAG 
TCTCCTCGGTAGTTTAGGTCTCCGATCGTCAAGTTGAAGACACTGAGGTC 

EEPSNPE AS SSTSVTP> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 

>BsiQI 
I 

2060 2070 2080 2090 2100 
ATGTTAGTGACAATGAACCTGATCATTATAGATATTCTGACACCACTGAC 
TACAATCACTGTTACTTGGACTAGTAATATCTATAAGACTGTGGTGACTG 
DVSDNEPDHYRYSDTT D> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC > 

>BscCI 

I 

2110 2120 2130 | 2140 2150 

TCTGATCCAGAGAATGAACCTTTTGATGAAGATCAGCATTCACAAATTAC 



Fig. 2 0B (continued) 



AGACTAGGTCTCTTACTTGGAAAACTACTTCTAGTCGTAAGTGTTTAATG 

S DPENEPFDEDQH S^Q j T> 
HOMOLOG OF HUMAN MUTATED IN MULTIPLE ADVANC ,_> 

2160 
AAAAGTCTGA 
TTTTCAGACT 
K V *> 



Fig. 2 OB (continued) 



